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Abstract

Traditionally, unilateral NMR systems such as the NMR-MOUSE have used the fringe field between two bar magnets joined
with a yoke in a ‘U’ geometry. This allows NMR signals to be acquired from a sensitive volume displaced from the magnets, per-
mitting large samples to be investigated. The drawback of this approach is that the static field (By) generated in this configuration is
inhomogeneous, and has a large, nonlinear, gradient. As a consequence, the sensitive volume of the instrument is both small and ill
defined. Empirical redesign of the permanent magnet array producing the B field has yielded instruments with magnetic field topol-
ogies acceptable for varying applications. The drawback of current approaches is the lack of formalism in the control of By. Rather
than tailoring the magnet geometry to NMR investigations, measurements must be tailored to the available magnet geometry. In
this work, we present a design procedure whereby the size, shape, field strength, homogeneity, and gradients in the sensitive spot of a
unilateral NMR sensor can be controlled. Our design uses high permeability pole pieces, shaped according to the contours of an
analytical expression, to control By, allowing unilateral NMR instruments to be designed to generate a controlled static field topol-
ogy. We discuss the approach in the context of previously published design techniques, and explain the advantages inherent in our
strategy as compared to other optimization methods. We detail the design, simulation, and construction of a unilateral magnet array
using our approach. It is shown that the fabricated array exhibits a B, topology consistent with the design. The utility of the design is
demonstrated in a sample nondestructive testing application. Our design methodology is general, and defines a class of unilateral
permanent magnet arrays in which the strength and shape of B, within the sensitive volume can be controlled.
© 2005 Elsevier Inc. All rights reserved.
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1. Introduction

In a conventional nuclear magnetic resonance
(NMR) experiment, the sample under study is placed
in a homogeneous magnetic field produced by a super-
conducting solenoid. While this facilitates high signal-
to-noise, geometrically correct, spatially resolved
magnetic resonance imaging (MRI), it limits the range
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of samples that can be examined. In recent years, this
limitation has been addressed by the introduction of ‘in-
side out’ or unilateral NMR [1-6]. In this methodology,
the fringe field from a permanent magnet array is used
to generate the By field in a volume displaced from the
device. A surface coil or an alternate RF probe geome-
try is used to generate a remote B field. The shapes of
these inhomogeneous fields define a ‘sensitive volume’
or ‘sensitive spot’ where components of the two fields
are orthogonal. Designs of this type allow near surface
measurements to be made on samples of arbitrary sizes
previously inaccessible to NMR. Furthermore, small
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permanent magnet designs are easily transported, mak-
ing them suitable for field applications. The strong gra-
dient inherent in these designs can be exploited to
investigate slowly diffusing samples [7], or to suppress
the signal from rapidly diffusing samples [8].

Inside-out NMR was first used in the oil industry for
well logging [1-3]. Later, Eidmann et al. [4] developed a
portable unilateral NMR sensor known as the NMR-
MOUSE. This design employs a ‘U’ magnet geometry
in which two permanent magnets are arranged on a fer-
romagnetic yoke in opposite orientations with a gap be-
tween them. The By field curls between the two magnets,
giving a component parallel to their faces in the area
over the gap. A surface coil in the gap with its axis nor-
mal to the face of the magnets provides the B; field.
While this type of design has been successfully employed
in a variety of NMR studies [9-12], significant draw-
backs exist. The B, field provided by the magnet array
is inhomogeneous in all directions and suffers from a
strong (10-50 T/m [8]), nonlinear gradient in the direc-
tion normal to the array. This results in short signal life-
times, obscuring chemical shift information and
resulting in low SNR measurements. The strong nonlin-
earity of the gradients results in an ill-defined sensitive
volume precluding conventional spatially resolved mea-
surements. The strong gradient causes every RF excita-
tion to be slice selective; the size, shape, and position of
the excited volume are determined by the bandwidth
and frequency of the RF pulse sequence used. These ef-
fects limit the effective resolution of the sensor by
obscuring the location and distribution of the spin pop-
ulation observed in a measurement. The strong gradient
also requires additional RF circuitry to be employed in
order to vary the excitation frequency over a wider
range in spatially resolved measurements [13].

To address the drawbacks of early unilateral NMR
systems, several new designs have been proposed. Using
a single bar magnet to provide Bj, Bliimich et al. [5]
developed a unilateral sensor with a small volume di-
rectly over one of the poles of the magnet. In this vol-
ume, the gradient parallel to the magnet face is
negligible while the gradient normal to the magnet face
is strong but approximately linear. While this design of-
fers some advantages in certain applications, the By field
is orthogonal to the face of the magnet, excluding the
use of a simple surface coil to generate B;. Specially de-
signed planar coils must be used, resulting in a decrease
in sensitivity.

Many other designs exist wherein the position of
magnets in an array is modified in order to achieve some
desirable characteristic in the topology of B, [14,15]. The
common feature of these designs is that all deal with a
forward problem: given a particular magnet array,
determine the resulting B field and subsequently deter-
mine how this field topology can be applied to achieve
experimental goals. This paper seeks to answer the in-

verse problem: given an experimental goal, select an
appropriate By topology, and synthesize a design for
an instrument providing this field.

Methods of simulating the B, field due to a given
arrangement of magnets exist, for example, the finite ele-
ment (FEM) approximation. Designs can be optimized by
performing successive simulations while varying parame-
ters to minimize some goal function and this technique
has previously been employed in unilateral magnet design
[16]. The drawback of this approach is that specific
parameters (e.g., size, position, and strength of magnets)
must be selected for the optimization and the parameter
space must be empirically selected to suit the desired mag-
net topology. Furthermore, conventional simulation
techniques are computationally expensive, leading to long
optimization times, and constraining the number of
parameters that can be optimized. Our technique synthe-
sizes a unilateral magnet array based on a simple analyti-
cal expression and does not, in principle, require any a
priori knowledge of the desired magnet geometry.

To accomplish this synthesis, we have considered the
addition of high permeability material above the magnet
array. This approach is standard in the design of closed
permanent magnet NMR systems, where high perme-
ability ‘pole pieces’ are used to control B, between the
magnets. Many methods of shaping the pole pieces to
provide an optimal B, topology have been proposed
[17-20], however, all deal with generating a homoge-
neous field between two magnets and cannot be directly
applied to the unilateral case. Glover et al. [20] recently
presented a permanent magnet-based 1D profiling sys-
tem in which pole pieces, shaped according to contours
of magnetic scalar potential, were used to give a desired
static field. This approach is attractive in that it offers a
low complexity method of configuring magnets and pole
pieces to control By. To extend this work to the unilat-
eral design regime, we have developed a design method-
ology wherein a planar array of magnets are fitted with
pole pieces shaped according to a linear combination of
solutions to Laplace’s equation. These shapes corre-
spond to equipotential contours of magnetic scalar po-
tential. Our technique allows the size, shape, and
gradient of a sensitive spot displaced from the array to
be controlled. The accuracy of the field topology gener-
ated by the array is commensurate with the order of the
solution.

In this work, we present the proposed design method-
ology, and detail the construction of a prototype unilat-
eral array with a controlled sensitive volume. This array
was designed to maximize the magnetic field homogene-
ity in the sensitive spot in order to maximize the NMR
signal in a nondestructive testing application. It is
shown that the prototype array has a By topology con-
sistent with that determined analytically through our de-
sign method. Finite element simulation results are
presented, elucidating differences between the calculated
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and measured B, fields. These differences, although min-
or, result from the approximations used in the solution.

The functionality and improved performance of the
fabricated array are demonstrated through a series of
test measurements. Diffusion measurements, used to cal-
culate the homogeneity of the sensitive volume show a
gradient of 0.13 T/m, orders of magnitude below that
observed in many inside out NMR devices [5,6,8], and
on par with carefully optimized unilateral well-logging
instruments [2]. The utility of the new design is demon-
strated through nondestructive evaluation of moisture
ingress in an epoxy metal composite sandwich panel.
The fabricated array represents a preliminary applica-
tion of our design technique. In general, this technique
allows a magnet array to be designed to approximate
any given field topology. The accuracy of the approxi-
mation is limited by the complexity of the design and
the strengths of the magnetic materials available.

2. Theory

A static magnetic field vector, B, can be described in
terms of a magnetic scalar potential, ¢, as

B=V¢. (1)
Since magnetic fields do not diverge, the divergence of
Eq. (1) gives Laplace’s equation,

Vi =0, 2)

the solution of which is well known. Our design uses
contours of ¢ in the z—y plane, extended along the x-
axis, and thus we consider only the two-dimensional
solution to Laplace’s equation. In two dimensions, by
writing ¢ as the product of two one-dimensional func-
tions, we select the particular solution

¢(z,y) = e ¥[bcos(az) + csin(az)], (3)

where a, b, and ¢ are arbitrary constants. Because the
Laplacian operation is linear, a linear combination of
solutions of the form of Eq. (3) will also satisfy Eq.
(2). For our application, it is desired that the magnetic
field be parallel to the plane of the magnet array. It fol-
lows that the magnetic potential should be an odd func-
tion with respect to the center of the array, allowing the
field to curl from one side to the other. Accordingly, we
set b to zero and write ¢ as

bzy) =3 e esin(az). @)
i=0

The magnetic field due to the potential described by
Eq. (4) can be calculated using Eq. (1), resulting in

. 0p, 0.
B_§Z+d_y

N-1

= Z a;c;ie”V[cos(a;z)z — sin(a;z)y)]. (5)

i=0

For an Nth order design, the parameter vectors 4 = [a,
ay---ay_1] and C=Jcy ¢;--- cy_1] can be selected to
approximate a desired B over a region of interest
(ROI). Sample calculations and finite element simula-
tions have shown that larger values of N will result in
better control of B, at the cost of design complexity.
Following Glover et al. [20], the surface of a high per-
meability (u, > 1), linear, isotropic material can be
approximated as an equipotential contour of ¢. Thus,
a potential described by Eq. (4) can be realized using
pole caps shaped according to the contours of ¢ = con-
stant, mounted on permanent magnets of an appropri-
ately chosen strength. This design strategy defines a
family of magnet arrays suitable for unilateral NMR
applications. The two-dimensional designs can be real-
ized in 3D by making the magnets and pole caps sulffi-
ciently long in the x-direction such that edge effects
are not present over the center of the array. Several
approximations are used in our design procedure. As
previously stated, the effects of the finite length of the ar-
ray in the x-direction have been neglected. This is com-
mon practice in unilateral NMR magnet design
although its ramifications are rarely discussed in the lit-
erature. The analytical design also assumes that ¢ is
periodic in the z-direction. In a practical implementa-
tion, the scalar potential becomes truncated due to the
finite size of the magnet array. Simulations have indi-
cated that By can be controlled for y and z close to the
array in a design of finite size. The effects of the approx-
imations used will be considered in a future publication.

3. Design example

Here, we illustrate the utility of the technique, specif-
ically the ability to tailor a magnet geometry to a specific
application. The theory described above was used to de-
sign a unilateral sensor for the detection of moisture in-
gress into  graphite/aluminum/epoxy  composite
sandwich panels. The primary design goals for this mag-
net array were: (1) a large sensitive volume to combat
the poor SNR inherent in this sample; (2) a low resonant
frequency to mitigate interactions between B; and the
conductors in this structure. For a description of the
composite sandwich panel and the challenges associated
with the application of NMR to this sample, see [21].

3.1. Problem definition

From Eq. (3), it is clear that any units of length can
be chosen for the design, and thus the magnet array
can be designed in arbitrary units and scaled to a desired
size as appropriate. In this example, the solution space
has a width of approximately d units. The ROI is
0.275d units above the plane of the magnets and cen-
tered over the array. It is 0.25d units in width and 0.1d
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units in height. Within the ROI, it is desired that |B|, the
modulus of B, should be constant, giving a constant res-
onant frequency, wy, inside this volume. To achieve the
desired field within the ROI, a cost function was devel-
oped. In this example, the deviation of |B| from its mean
value over the ROI was minimized. The resulting design
goal can be represented mathematically by

min [ (81 - 18] dz. (©

where |B| is the average modulus of B over the ROI.
Although this was the minimization criteria used, it suf-
fers the notable disadvantage of having the trivial solu-
tions @¢; =0 and ¢; =0, necessitating that @y and ¢, be
fixed. However, there are advantages in fixing «;, and fix-
ing ¢ will simply have a scaling effect on the solution.
Thus, Eq. (6) is equivalent to evaluating

. 2
min / / (IB| — D)*dzdy,

ROI

for some constant D. The exact function to be mini-
mized is dependent on the desired field configuration.
For example, if it was desired that B had no y-compo-
nent and a constant gradient, G, in the y-direction cen-
tered about y,, the minimization problem could be

min [ [ (6.~ D+ GOy~ )" + (8, - 0| dza

(7)

The cost function given in Eq. (6) was evaluated to
determine the optimal parameters for N = 3. This order
was selected as a compromise between accurate control
of By and complexity of the resulting magnet array. To
better define the problem, values were selected for the
parameter vector A. The terms, a; are arguments of
the sine function in Eq. (4) and thus represent spatial
frequencies present in the scalar potential. It thus makes
sense to include frequencies describing large scale varia-
tions across the array geometry, as well as higher fre-
quencies describing local detail within the pole caps.
Accordingly, aq is selected to correspond to a ‘funda-
mental’ frequency, ao = 2n/d . In this example, subse-
quent values of a; were set to a; =(4/3)n/d and
a> = nt/d. These three frequencies cover a relatively nar-
row range of detail in the shape of the pole pieces and
were selected as a compromise between design complex-
ity and accurate approximation of the desired field. In
principle, these values need not be specified and appro-
priate parameters will arise naturally as a result of the
optimization. In this case, it would have been necessary
to modify the goal function in order to ensure that the
optimal ¢ could be realized with a unilateral design.
With A4 set, the optimal value of C was determined by
minimizing the cost function over a discrete solution

d/2

d/a

y(a.u)

ST 0 a2

z(a.u.)

Fig. 1. Contour plot of the optimized magnetic scalar potential for our
design, given by Eq. (4). The target sensitive volume is indicated by the
dashed box. Equipotential contours of ¢, close to, but below the
sensitive volume, are selected to define the shape of the pole pieces.
The contours selected for our design are shown by the solid lines. The
design takes place in unitless dimensions, allowing it to be arbitrarily
scaled.

space using the Matlab optimization toolbox. The
parameter ¢, was fixed in order to avoid a trivial solu-
tion in the optimization. Fig. 1 shows a contour plot
of the scalar potential resulting from the optimization
of the remaining parameters. The ROI is indicated by
the dashed box. The thick solid lines represent the con-
tour lines selected as pole pieces. The selected contours
are as close to the ROI as possible as the magnetic field
will always decay rapidly with distance from the mag-
nets. The magnitude of ¢ for the inner two contours is
1/7 the magnitude for the outer contours. The sign of
¢ alternates between positive and negative for each of
the poles. It is important to note that the number of pole
pieces was not specified in order to achieve the design.
The shape of the contours is solely the result of minimiz-
ing Eq. (6) with the constraints discussed.

Taking the gradient of ¢ gives the magnetic field
strength, B. Fig. 2 gives a contour plot of the x-component
of the field, B,, due to the scalar potential depicted in
Fig. 1. Here, the solution has been scaled such that the dis-
tance between the opposite edges of the outer pole caps is
15 cm (6in.). The contours are given in percent as the
absolute field strength will depend on the strength mag-
nets used in the design. It is observed that the spatial var-
iation of B, within the ROl is at a minimum. At the center
of the ROI, the field gradient is zero. In the calculated
solution, B, increases in magnitude as y increases. This oc-
curs because the calculation assumes that ¢ can be con-
trolled everywhere. In a practical implementation, B
must always eventually fall off with distance from the
magnets. It will be shown, however, that near the array,
the shape of B is readily controlled using the pole caps.

3.2. Array construction

Using the contours shown in Fig. 1, a four-magnet
array was constructed. The geometry of the array is de-
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Fig. 2. Contour plot of the z-component of the theoretical magnetic
field for our design, determined analytically as the gradient of the
scalar potential field shown in Fig. 1. The target sensitive volume is
denoted by the dashed box. The position, y =0, corresponds to the
surface of the inner pole pieces. The field contours represent an 8%
change in the magnetic field strength. The actual field strength is
dependent on the strengths of the magnets used in the construction. It
is observed that there is a saddle point at the center of the target
sensitive volume.

picted in Fig. 3. The outer magnets were 5 cm (2 in.) in
height and 4 cm (1.7 in.) in width, while the inner mag-
nets were 2.5 cm (1 in.) wide. The entire array was 15 cm
(6 in.) wide, and was made to be 15 cm (6 in.) long in the
x-direction.

NdFeB magnets, manufactured by the Yuxiang Mag-
netic Materials Ind., provide the By field. Due to manu-
facturing restrictions, the magnets were all
manufactured with a surface magnetic field of 0.5T.
As noted earlier, the analytical design specified that ¢
at the inner pole pieces was to be 1/7 that at the outer
pieces and ideally, the relative strengths of the magnets
would have been scaled to reflect this. Because high field
permanent magnets must be fully saturated, manufac-
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Fig. 3. Diagram of the fabricated array. The pole pieces (a) rest over
the permanent magnets, whose relative field directions (North/South)
are indicated in the figure. The target sensitive volume is highlighted by
the box (b). The area (c) is an iron yoke, used to concentrate and
contain the magnetic field on the bottom of the array. The hatched
area represents the aluminum structure used to house the magnets. The
pole pieces are bolted to the aluminum at either end.

Fig. 4. Photograph of the constructed array, including a distance
scale. The yoke (not visible) is attached below the magnets. The pole
pieces are machined from high permeability steel. The four NdFeB
magnets are housed under the pole pieces. Each has a surface field
strength of 0.5 T.

turing them to different strengths is difficult. In the fu-
ture, the possibility of varying the thickness of the
magnets (in the y-direction) to achieve the desired rela-
tionship between their strengths will be explored. Be-
cause the relative strengths of the magnets differed
from those specified in the design, the position of the
sensitive spot and the magnitude of B, were altered from
those in the analytical design in a predictable way. This
will be considered further in Section 3.3.

The magnets were housed in an aluminum frame with
an iron yoke concentrating the field at the bottom of the
array. To safely place the magnets in the frame, 0.95 cm
(3/8 in.) holes were drilled through the yoke under the
slot for each magnet. The holes were tapped allowing
nonmagnetic threaded rod to be fed through them. A
guiding structure was then built to fit over the frame,
allowing each magnet to be inserted in turn away from
the others. By turning the threaded rod back out of
the frame, the magnets were slowly lowered into posi-
tion in a controlled manner.

The pole pieces were machined from high permeabil-
ity steel using a 3-axis ES-V4020 CNC vertical machin-
ing center. Threaded holes were drilled in the flat face of
the pole pieces, allowing them to be bolted up through
the aluminum frame. Nonmagnetic brass screws were
used in all aspects of the construction. Fig. 4 shows a
photograph of the array.

3.3. Design validation
To compensate for the differences between the analyt-

ical design and the manufactured array, the array was
simulated using the FEMLAB finite element simulation
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software. Magnetic fields in y—z plane were evaluated
assuming the array was infinite in the x-direction.
Fig. 5 shows a simulated contour plot of the z-compo-
nent of By. The field strength is expressed as contours
of the resonant frequency for 'H. The position y =0
corresponds to the upper surface of the inner pair of
pole pieces. Only the z-component is presented as this
is the main component of By and is readily compared
to measurements from the fabricated array using a 1-ax-
is gaussmeter.

It is immediately apparent that the simulation results
agree with the analytically determined field topology
presented in Fig. 2. The saddle point in the field is pres-
ent but is displaced due to changes in the relative
strengths of the magnets. For large values of y and z,
there is a deviation between the analytical and simulated
results as the analytical results assume that ¢ can be
controlled everywhere.

Using a Lakeshore 450 1-axis gaussmeter, the z-com-
ponent of the magnetic field from the fabricated array
was measured over the center of the x-dimension of
the magnets on a 1 cm grid. A plot of the measured mag-
netic field, presented as 'H frequency contours, is shown
in Fig. 6. The overall distribution of field lines in the plot
is consistent with that presented for the simulated array.
The sensitive volume is indicated by the saddle point in
the plot. It is ~1.5 cm in width and ~1.5 cm in height
and is centered about 2cm up from the inner pole
pieces. There is a slight difference between the position
of the sensitive spot in the measured and simulated re-
sults. This systematic difference is attributed to the com-
bined effects of differences between the actual and

0
Z (cm)

Fig. 5. Simulated magnetic field (B.) contour plot for the array. The
field contours are labeled in MHz for "H magnetic resonance according
to the Larmor equation. The distance, y, is measured from the upper
surface of the inner set of pole pieces. The shape of the simulated field
is clearly similar to that predicted by the analytical expression. The
saddle point in the magnetic field strength is again present over the
center of the array, however, it is displaced in the y-direction due to
differences between the magnets used in fabrication and those specified
in the design. At large (y,z), the field topology deviates from its
predicted shape because of the finite dimensions of the array.

5
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/E\ 3r MHz
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Fig. 6. Measured magnetic field contour plot for the array. The field
contours are labeled in MHz for '"H magnetic resonance according to
the Larmor equation. The result is in congruence with the simulated
result in Fig. 4. The distance, y, is measured from the upper surface of
the inner set of pole pieces. The observed shift in the position of the
sensitive volume is attributed to differences between the fabricated and
simulated magnets and pole pieces, along with inaccuracies in the field
measurement introduced by errors in the position and orientation of
the hall sensor.

simulated magnetic fields for the magnets, along with
a small change in the height of the manufactured pole
pieces, introduced to facilitate their fabrication.

4. Experimental results

In this section, several sample NMR measurements
using the prototype array are presented, illustrating
the performance of the device. In each case, the resonant
frequency was 2.01 MHz and a 10 turn, capacitively
coupled, 2 cm diameter surface coil positioned above
the array was used for the measurements. The coil qual-
ity factor was approximately 27. The size of the surface
coil limits the size of the sensitive volume in the x-direc-
tion, while the dimensions of the homogeneous region of
By limit the volume in the y—z plane.

4.1. NMR signal characteristics

Fig. 7 shows a test measurement made with the array.
The solid line represents the peak magnitudes for the
first 32 echoes in a phase cycled CPMG sequence using
a polyisoprene rubber sample larger than the sensitive
volume selected by the coil. The dashed line represents
the noise level for the system. It is observed that there
is a large amount of noise present in the acquisition.
This is attributed to the open design of the array along
with the low acquisition frequency. The observed decay
constant was 3.3 ms.

Fig. 8 compares single echoes acquired with a
o—1—20—7 pulse sequence. The solid line shows an
echo acquired from a polyisoprene sample using the
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Fig. 7. Observed CPMG decay (solid line) for a polyisoprene rubber
sample measured at 2.01 MHz with the fabricated array. The echo time
was 0.4 ms. Thirty-two echoes were acquired with 512 averages. A
nominal 90° pulse length of 2 ps, along with a corresponding 180°
pulse of 4 ps was used in the acquisition. The observed decay constant
was Ther = 3.3 ms. The T, of the polyisoprene sample was 1.4 ms at
8.3 MHz. Differences between these values are attributed to the change
in By strength, as well as a slight spin-locking effect brought on by the
inhomogeneous field and short echo time. The dashed line shows the
noise level in a measurement made with no sample present. The
observed noise in the measurement is high due to the low frequency
and open design of the array.
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Fig. 8. Comparison between spin echoes observed using our array at
2.01 MHz (solid line) and a commercial unilateral NMR sensor at
14.85 MHz (dashed line). Both measurements were made on a
polyisoprene sample larger than the sensitive volume of the devices.
The echo time was 0.4 ms and 512 scans were used. Both measure-
ments exhibit comparable SNRs. The echo for the prototype array is
broader than that for the commercial instrument, although the
excitation bandwidth is broader.

prototype array while the dotted line shows an echo ac-
quired from the same sample using a commercial
MOUSE system operating at 14.85 MHz using a 1 cm
diameter, one turn surface coil with a quality factor of
approximately 80. For the commercial system, the size
of the sensitive volume was completely limited by the
homogeneity of By, rather than the geometry of the
RF coil. The nominal 90° and 180° pulse widths for

the array measurement were 2 and 4 ps, respectively.
For the MOUSE measurement, the pulse width was
fixed at 6 us and the amplitude was adjusted to achieve
the appropriate flip angles. All other experimental
parameters for both measurements were identical.

It is observed that both echoes shown in Fig. 8 have
comparable SNR levels. This indicates that the increase
in the size of the sensitive volume resulting from the con-
trolled By field in our array, along with the coil design,
compensates for any SNR disadvantages due to the low-
er operating frequency [22]. It is expected that optimiza-
tion of the coil design would result in a substantial
increase in SNR.

The echo observed from the array is also much
broader than that from the MOUSE. The observed T3
is on the order of 10’s of ps, indicating broadband exci-
tation from the short RF pulse. In a strongly inhomoge-
neous static field, the observed signal lifetime is
approximately equal to the duration of the RF pulse
due to the wide range of precession frequencies of the
excited spins. This is true for the MOUSE measurement,
however, despite the shorter pulses used with our array,
the signal lifetime is much longer. The ‘shoulders’ ob-
served on the echo from our array have been observed
elsewhere in measurements and simulation at compara-
ble magnetic field strengths and homogeneities [23].

4.2. Field inhomogeneity measurement

Measurements on diffusive samples were made in or-
der to quantitatively assess the homogeneity of the B,
field for the prototype array. Using a doped water sam-
ple larger than the instrument sensitive volume, the ef-
fects of diffusive attenuation on a CPMG
measurement were examined for the array. A CPMG de-
cay for this sample obtained with the array is presented
in Fig. 9. The observed decay constant is 45 ms, in
agreement with the sample 75, indicating that diffusive
attenuation has a negligible effect on this measurement.
Identical measurements made with the commercial uni-
lateral sensor showed a decay constant of 1.3 ms, clearly
the result of diffusive attenuation brought on by the
strong gradient associated with this device. While this
is desirable in some applications [8], the advantage in
observing fast-diffusing systems is clear. The observed
decay constants for the doped water and the polyiso-
prene sample were slightly longer than the sample 7,
values measured at 8.3 MHz. This is attributed to the
contribution of T;,, the sample spin-lock relaxation
constant, and T, the spin-lattice relaxation time, due
to the inhomogeneity of By [24]. Furthermore, the differ-
ence in frequency could have an effect on the sample 7>.
Since diffusive attenuation is irreversible, the effects of
T, and T} do not enter in to comparisons concerning
this effect. Clearly, the decreased sensitivity to diffusion
exhibited by our prototype represents a tremendous
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Fig. 9. CPMG measurement of a liquid sample using our array. The
sample was a bottle of doped water (7, = 36.2 ms at 8.3 MHz) much
larger than the sensitive volume of the device. The echo time was
0.4 ms and 512 scans were averaged. The observed relaxation constant
was 45 ms, indicating that the effects of diffusion were negligible. A
signal lifetime of <2 ms was observed for the same measurement using
a commercial unilateral NMR sensor. The discrepancy between the
observed relaxation constant and the sample 7, results from a
combination of spin-locking effects and the difference in frequency.

advantage in measuring rapidly diffusing samples, and
alludes to the homogeneity of Bj.

To quantify this homogeneity, the effects of diffusive
attenuation on the signal from a distilled water sample
larger than the sensitive volume were measured using
the array while the echo time was varied. Assuming that
the sample has a 7, that is much longer than the decay
constant due to diffusion, the observed decay constant
for a CPMG measurement is given by Callaghan [22] as

1 7*D 2.2

Toeer 3 o ®)
Varying t and plotting the inverse of the effective decay
constant against t° results in a straight line with a slope
related to the gradient, G, in By. Fig. 10 shows such a
plot measured using the array for t values between 1
and 4 ms. The slope of the line is 1.03 x 10° s>. Assuming
the diffusion constant of distilled water to be
2.51 x 107 m%/s at room temperature [25], the calcu-
lated gradient is 0.13 T/m.

4.3. Moisture detection in composite panels

The motivation behind the development of this pro-
totype was the detection of moisture within composite
sandwich panels. Because of the difficulties associated
with this type of sample, our measurements using con-
ventional unilateral NMR devices have previously
yielded unacceptable results. To validate the prototype
array, measurements were made of a representative
composite test sample. The sample, described in detail
in [21], consisted of a 4cm x4 cm sandwich panel,
16 mm in thickness. The panel had an anodized alumi-
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Fig. 10. Plot of the inverse of the observed decay constant against the
echo time squared for a series of CPMG measurements made using our
array at various echo times for a distilled water sample. Assuming that
the decay is dominated by diffusive attenuation, the slope of the line
can be related to the gradient in B,. Taking the diffusion constant of
water to be 2.51 x 107° m?/s, the gradient is calculated to be 0.13 T/m.

num honeycomb core sandwiched between graphite
epoxy composite skins. Ten central cells of the honey-
comb lattice were partially filled with a total of ~2 mL
of doped water. The goal of the moisture detection
was to see a clear NMR signal from the water within
the cells despite the shielding effects of the graphite skin
and aluminum core.

Fig. 11 shows the signal observed from the water with
the prototype array. The CPMG decay is both strong
and relatively long lived. This is a combination of the
larger sensitive spot and better field homogeneity of
the array, as well as the lower frequency of the RF field.
The low frequency of our prototype permits RF pene-
tration of the graphite skin. This results in a successful
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Fig. 11. CPMG measurement of water inside of a representative
sample of aluminum/epoxy/graphite composite. Ten cells inside a
4 cm x4 cm composite sample were filled with approximately 2 mL
(total) doped water for this measurement. The prototype, with an echo
time of 0.4 ms and 512 scans, yields a strong and readily interpretable
result. This is attributed to the larger sensitive volume, a better field
homogeneity and the lower RF frequency, allowing better B,
penetration through the conductive skin.



86 A.E. Marble et al. | Journal of Magnetic Resonance 174 (2005) 78-87

measurement which was not possible with the commer-
cial MOUSE due to its higher frequency of operation.

5. Conclusions

A methodology for the design of a new class of uni-
lateral NMR instrument has been presented. By shaping
high permeability pole pieces based on contours of an
analytically derived expression for the magnetic scalar
potential, it becomes possible to control the magnetic
field topology in a region displaced from an array of
magnets. This methodology is quite general and leads
naturally to a family of planar arrays with displaced sen-
sitive volumes. By optimizing a simple expression for the
magnetic field in the sensitive volume, it is possible to
control the orientation, magnitude, gradients, and
homogeneity of the Bj field in this region.

Through the design and construction of a prototype
magnet array, the design methodology has been demon-
strated to work, with the By field of the fabricated array
exhibiting close agreement with that specified in the de-
sign. Sample measurements show the prototype instru-
ment obtains a field homogeneity of 0.13 T/m in the
sensitive volume, on par with other optimal designs of
this type [2,16]. The field strength for the design pre-
sented is lower than that often used is unilateral systems
such as the NMR MOUSE. While the increased field
homogeneity is partially a consequence of this lower
field strength, the design idea presented here provides
a simple way of controlling and optimizing the magnetic
field homogeneity of a unilateral NMR instrument. The
tradeoffs between field strength and homogeneity are the
subject of ongoing research.

The utility of our design has been demonstrated in its
application to a nondestructive testing problem of aero-
space interest. It has been shown that the large, homoge-
neous sensitive volume of our instrument is suitable for
the detection of water within composite sandwich panels.

Devices of this type can be tailored to specific mag-
netic resonance applications. Using this design method-
ology, we intend to develop a family of unilateral
sensors suited to a range of NMR investigations.

6. Experimental

Optimization of Eq. (5) used the Nelder—Mead simplex
method [26], implemented in the Matlab (The Math-
works, Natick, MA) software package. Finite element
simulations used the FEMLAB (Comsol, Burlington,
MA) package. The relative magnetic permeability of the
NdFeB magnets was assumed to be 1.05; that of the iron
yoke, as well as that of the pole pieces was assumed to be
100. The permeability of the aluminum frame was not
considered. The simulation used 14,483 mesh nodes.

The commercial unilateral NMR system used was a
Bruker (Rheinstetten, Germany) MOUSE, driven by a
Minispec mq Series console running Minispec V2.41
software. The resonant frequency was 14.85 MHz,
resulting in the selection of a ~5 mm X 5 mm X ~1 mm
sensitive volume displaced 5 mm from the surface of
the MOUSE. The RF amplifier was rated for 300 W.
A Bruker surface coil was used for all measurements.
The nominal pulse width of 6 ps was selected by varying
the pulse width to maximize the echo amplitude in a spin
echo measurement.

The low 'H frequency for the prototype array pre-
cluded the use of the Bruker console alone for acquisi-
tion. The Bruker Minispec software and pulse
programming hardware were used, however, the Mini-
spec amplifier was replaced with an Amplifier Research
(Bothell, Washington) 200 L 300 W broadband amp-
lifer. A preamplifier built around a Miteq (Hauppauge,
NY) RF amplifier was used in detection. The amplifier
did not allow amplitude control to be programmed
and thus different 90° and 180° pulse lengths were re-
quired. Pulse lengths of 2 and 4 ps, respectively, were se-
lected by maximizing the amplitude of an observed spin
echo. For the sandwich panel measurements, these val-
ues were modified to 3 and 6 ps. All measurements used
a 10 turn 2 cm diameter capacitively coupled surface
coil. The resonant frequency was 2.01 MHz.

The doped water samples used Gadolinium Chloride
as the doping agent and had a measured 7> of 36.2 ms at
8.3 MHz. The polyisoprene sample had a measured 7,
of 1.3 ms at 8.3 MHz. These measurements were per-
formed in the homogeneous magnetic field of a perma-
nent magnet system with a 14 cm pole gap.
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