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A constant gradient unilateral magnet for near-surface MRI profiling
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Abstract

The design and construction of a unilateral NMR (UMR) magnet assembly for near-surface 1D profiling is presented. The arrange-
ment consists of a single permanent magnet topped with a shaped iron pole cap. The analytically determined profile of the pole cap
shapes the field over the magnet, giving a constant gradient of 31 G/cm over a 8 mm depth at a 1H frequency of 4.26 MHz in a spot
�5 mm wide. The moderate gradient allows 1D profiling of planar samples with a frequency encoded spin-echo experiment. The curva-
ture of the magnetic field limits the available resolution to 100’s of lm. The device is suitable for profiling planar samples in which a
coarse resolution but large spatial extent is desired.
� 2006 Elsevier Inc. All rights reserved.
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1. Introduction

Single-sided or unilateral nuclear magnetic resonance
(UMR) uses an open configuration of magnets to produce
a MR compatible magnetic field in a remote sensitive vol-
ume [1–4]. Although, the field within this volume is neces-
sarily inhomogeneous, UMR sensors have been widely
employed for bulk MR measurements. This allows param-
eters such as T2, T1, and self diffusion coefficients to be
obtained from arbitrarily sized samples, and has found
diverse uses such as down-hole oil well logging [1], and
characterization of food products [5].

By controlling the inhomogeneity of the field, UMR has
been extended to imaging applications by various groups.
Prado [6] describes a single-sided imaging sensor employing
a specially designed magnet array producing a flat sensitive
volume. Using a computer controlled capacitor switching
scheme, the resonant frequency of a surface coil was varied
between 14 and 6 MHz to select planes in the inhomoge-
neous field. The field gradient over the sensitive volume
varied from �1400 to �260 G/cm. Perlo et al. [7] extend
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this idea, using a sensor with a flat sensitive volume aug-
mented with gradient coils, to give 2D spatial resolution
in a flat slice, the depth of which can be adjusted through
manual tuning. In both cases, the depth resolution is diffi-
cult to control. The operating frequency must be retuned
for each depth, and the volume excited is dependent on
the pulse bandwidth. Furthermore, the strong variation
in field strength with depth can cause difficulties in image
contrast in samples with field-dependent relaxation times.

To overcome this difficulty, Perlo et al. [8] developed a
sensor with a thin, flat spot at a single, narrow frequency
band. By moving the sensor relative to the sample using
a manually controlled lift, one-dimensional profiles with
a resolution below 10 lm were possible. Using a different
approach, Rahmatallah et al. [9] employed the field of a
magnetized cylinder [10] which produces a point where
the second spatial derivative of the field vanishes in the
depth direction, giving an approximately constant B0 gra-
dient of �570 G/cm at 10.9 MHz. Profiles with a resolution
of about 60 lm over a �1 mm depth were reported, with
the resolution being limited by the flatness of the sensitive
volume. Profiling measurements with a similar resolution
and depth range using the stray field from the end of a
Halbach magnet have also been recently reported [11].
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Brown et al. [12] used a NMR-MOUSE [3] like magnet in
conjunction with an electromagnet to oppose the magnetic
field produced by the permanent magnets. By varying the
field of the electromagnet, it was possible to move the sen-
sitive spot in the depth direction giving a depth resolution
of �2 mm over a limited region.

The approaches mentioned above can be broadly
grouped into two categories: coarse and fine resolution.
The second category, explored by Refs. [8,9,11], represents
the UMR equivalent of stray field imaging (STRAFI)
[2,13], in which a strong gradient is used to obtain micron
resolution profiles of samples with short relaxation times.
In a Fourier transform STRAFI experiment, the thickness
of the imaging volume in the depth direction is necessarily
traded off against resolution. To overcome this difficulty,
the sample is often displaced relative to the magnetic field,
as in Ref. [8], in order to give greater spatial extent to the
measurement. While the approach of Ref. [9] is more
convenient, the resolution is limited by the curvature of
the field. Consequently, the high gradient merely limits
the maximum extent of the sample, but does not yield
exceptional spatial resolution. For a UMR measurement
in which resolution <10 lm is required, Perlo’s approach
[8] appears to be the best option.

In a regime where lower resolution (�100 lm) is nec-
essary, such as profiling of thicker coatings or layers,
acceptable resolution may be obtained over a larger
region without moving the sample or magnet, by reduc-
ing the gradient strength. To this end, a unilateral sensor
has been developed with a constant gradient of +30 G/
cm over a range of �8 mm. The instrument consists of
a single magnet, topped with a shaped pole piece made
from high permeability iron. This configuration was
designed using the scalar potential method [14,15],
through which the magnet size and pole piece shape
were synthesized based on the desired B0. Because of
the moderate gradient, the desired sample bandwidth
can be excited using a suitably short hard pulse at a sin-
gle center frequency, or a series of soft pulses. As a
result, displacing the magnet with respect to the sample
is not required with this approach. Profiles are obtained
through a spin-echo experiment, and require no gradient
coils or RF switching hardware. The field curvature lim-
its the resolution to 100’s of lm, suitable for a variety of
near-surface profiling applications.
2. Theory–Scalar potential design

A detailed description of the scalar potential design
technique for UMR can be found in Ref. [15]. The design
takes place in the two-dimensional ZY plane using the con-
ventions in that reference. The idea is to specify a magnetic
field B0, and synthesize its associated scalar potential /
(z,y). High permeability material shaped according to one
or more contours of this potential can then be placed
on a magnet array in order to give the desired field.
The material is shaped in two dimensions, and extended
in the third in order to remove end effects. A magnetic field
can be defined through B = $/ with /(z,y) satisfying

r2/ ¼ 0: ð1Þ
A solution to Eq. (1) is

/ ¼
XN

n¼1

cne�nay cosðnazÞ; ð2Þ

which describes a potential evenly symmetric about the z-or-
igin, and periodic in z with period 2p/a. Taking the gradient
of Eq. (2) gives an expression for a magnetic field in terms of
the arbitrary constants a and cn. In previous work [15], these
constants were numerically optimized to give a specified
field. Here, by considering the field and its derivatives at a
single point in space, it is possible to analytically solve for
the required constants. This simplified condition can serve
as a starting point for more complex optimizations but
was found here to be sufficient. More rigorous control over
the field characteristics can be achieved, for example, by
including the lateral variation in the field in the optimization.
However, as will be discussed, the approximations used in
synthesizing the magnet array using this method will lead
to discrepancies between the field that is specified and that
which is achieved. For this reason, it is in general not appro-
priate to over specify the field profile. These considerations
will be the topic of an upcoming publication.

To define a field B0, with constant gradient at a given
point over the center of the array (z,y) = (0,d), a minimum
of three parameters should be specified: the field strength at
the point, the field gradient at the point, and the second
spatial derivative of the field, ensuring that the gradient is
constant to second order. These constraints can be summa-
rized as

jB0ð0; dÞj ¼ B

ojB0j
oy

����
ð0;dÞ
¼ G

o2jB0j
oy2

����
ð0;dÞ
¼ 0:

ð3Þ

Higher derivatives could be set to zero to give a more con-
stant gradient. However, we have found that the con-
straints in Eq. (3) lead to a reasonable compromise
between gradient uniformity and design complexity. The
gradient of Eq. (2) is

B0 ¼
XN

n¼1

nacne�nayð� sinðnazÞẑ� cosðnazÞŷÞ ð4Þ

so

jB0ð0; yÞj ¼
XN

n¼1

nacne�nay : ð5Þ

Fixing a, and choosing N=3 to enforce the constraints in
Eq. (3) gives a linear system of three equations and three
unknowns which can be solved by matrix inversion for



Fig. 1. Photograph of the magnet with length scale included. The iron
pole piece sits atop a 13.9 cm square NdFeB magnet 5 cm thick. The
magnet is housed in an box with aluminum sides and a steel bottom
1.25 cm thick.
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the cn parameters. A contour of the scalar potential defined
in Eq. (2) can now be selected to define the shape of a pole
piece giving the desired field characteristics. The parameter
a defines the approximate width of the magnet. Because the
actual value of B will depend on the strength of the mag-
nets used in the array construction, it is convenient to nor-
malize the field strength to unity. The gradient will scale
with the field and can thus be expressed as a percentage
of the field strength.

Because the scalar potential described in Eq. (2) is
evenly symmetric, the magnetic field will be principally
normal to the plane of the magnets. While, this
configuration requires special RF coil designs to produce
an orthogonal B1, experience has shown that for a
unilateral magnet designed using the scalar potential
formulation, a constant gradient design with B0 in this
direction is much more easily realized than with B0 parallel
to the array. Furthermore, in this case the formulation
results in a class of instrument comprised of single magnets
topped with single pole pieces, simplifying construction.

The desired magnetic field is generated by selecting one
or more contours of scalar potential described by the opti-
mized parameters to define the shape of pole pieces sitting
atop permanent magnets. In practice, the periodic function
/(z,y) is truncated to within one period. We have found that
for magnets designed with the constraints given in Eq. (3), a
wide range of gradient values will give a scalar potential
function with contours that are continuous over the major-
ity of a period. Consequently, the potential can be realized
with a single pole piece. The shape of this piece is generated
by defining lines y = y0 for the bottom of the pole and y = y1

for the top. This second line is selected such that the surface
of the pole piece is below the desired sensitive volume, while
the first is chosen here to be y = 0 for convenience. The val-
ue /c of the selected contour is determined as

/c ¼ max /ðz; y1Þ: ð6Þ
From Eq. (2), the contour is then defined by

X3

n¼1

cnRn cosðnazÞ � /c ¼ 0; ð7Þ

with R = e�ay. Eq. (7) is a polynomial with roots Ri(z) from
which the contour shape can be determined as

yðzÞ ¼ � lnðRiðzÞÞ
a

; ð8Þ

where care must be taken such that the root corresponding
to the location within the real potential field is selected.

3. Sensor design

3.1. Magnet array

Using the design procedure discussed in Section 2, a pole
piece was synthesized to give a field which increased with
distance from the magnet with a gradient equal to 1.3%
of the field strength (this gives 25 G/cm at 8 MHz). For this
design, it was desired that the sensitive volume be immedi-
ately above the face of the pole piece, and therefore a scalar
potential contour with maxima at y1 = 2.17 cm was select-
ed to form the pole.

The pole piece was machined from iron using a 3-axis
ES-V4020 CNC vertical machining center. A single NdFeB
magnet 13.9 cm square and 5 cm thick purchased from
Yuxiang Magnetic Materials Ind. Co., Ltd, with a rema-
nence specified by the manufacturer of 1.3 T, was posi-
tioned below the pole piece to generate the static field.
The magnet was enclosed in an aluminum box with a
1.25 cm thick iron plate at the bottom. The purpose of
the iron plate is to increase the field strength above the
magnet and limit the stray field below it. Experience indi-
cates that this plate will not affect the shape of the field.
The total weight of the system is just under 14 kg. A pho-
tograph of the completed magnet assembly is given in
Fig. 1. Fortuitously, the contour defining the pole piece
has a depression near the center, allowing an RF resonator
to be positioned below the sensitive volume.

To verify the design, the magnetic field above the assem-
bly was simulated using commercial software (Vector
Fields, Aurora, IL3-axis ) and measured using a Hall sen-
sor (Lakeshore, Westerville, OH) and 3-axis computer con-
trolled positioning system (Velmex, Bloomfield, NY). The
iron plate on the bottom of the magnet was not modeled.
Rather, the remanence of the NdFeB magnet modeled in
the simulation was adjusted until the field strength agreed
with that measured. This occurred for a simulated rema-
nence of 1.2 T which is below that specified for the magnets
but within manufacturing tolerances. Fig. 2(a) shows the
simulated magnetic field in the zy plane over the center
of the magnet with the pole piece shape superimposed.
Fig. 2(b) illustrates the field calculated according to Eq.
(4) while Figs. 2(c) and (d) present contour plots of the sim-
ulated and measured magnetic field magnitude. The plots



Fig. 3. Measured field profile at z = 0 through the sensitive volume (solid
line). A least squares fit to the linear region (dashed line) gives a gradient
of 30.9 G/cm.

Fig. 2. (a) Contour plot of the simulated magnetic field, showing the shape of the pole piece and the region of interest. The color scale indicates the field
strength in Gauss. (b) Field contours calculated according to Eq. (4) assuming a magnet array of infinite extent. (c) Simulated magnetic field in the region
2 cm wide centered 0.5 cm above the face of the magnet. (d) Measured magnetic field in the region 2 cm wide centered 0.5 cm above the face of the magnet.
In (b), (c) and (d), the dashed line indicates B0 = 1006 G. The contours are at 2 G intervals in (c) and (d) and at 1 G intervals in (b). The field in plot (b) has
been scaled uniformly to correspond to the measured field strength.
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are for the region around the sensitive spot highlighted in
Fig. 2(a). In these plots, y = 0 represents the upper face
of the pole piece. The constant contour spacing up the cen-
ter of these plots at z = 0, indicates a constant gradient in
this region. The field exhibits different degrees of curvature
with increasing z and is flattest just below y = 0.6 cm in the
measured plot (d). With the permanent magnet employed,
the field strength is just above 1000 G in the center of this
region. Significant disagreement is noted between the actual
field and that specified by the design. While the central
areas of the sensitive spot are qualitatively similar, the
region in which the contours are flattest is offset by
�2 mm between plots (b) and (d). Furthermore, the gradi-
ent is larger than specified. Fig. 3 shows the measured field
at z = 0 as a function of distance from the magnet. The
field increases linearly over a region just over 0.6 cm thick,
remaining reasonably linear over almost 1 cm, and eventu-
ally reaches a maximum then decays. A least squares fit in
the linear region gives a gradient of 30.9 G/cm or 3.1% of
the field strength. This differs from the design value by
more than a factor of 2. The differences between the calcu-
lated and simulated/measured field profiles are due to the
design assumption that the scalar potential and field are
periodic in z while they have clearly been truncated in man-
ufacturing the magnet. The agreement between the simulated
and measured results indicates that errors due to manufac-
turing tolerances are insignificant in this case. Nevertheless,
the linearity of the field variation is preserved, and the mea-
sured gradient value is close to that which was desired,
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albeit at a lower field. In this design, the variation has the
positive effect of enlarging the sensitive spot, both in terms
of the extent of the linear region and the flatness of the
field.

The gradient value was also verified using steady gradi-
ent stimulated echo (SGSTE) diffusion measurements
[16,17] of diffusive attenuation in water. Ignoring relaxa-
tion, the diffusive attenuation for this sequence is given by

ln
I
I0

� �
¼ �c2G2Ds2

1 s2 þ
2

3
s1

� �
;

where s1 and s2 are the diffusion times as defined in [16], I is
the echo intensity, I0 is the echo intensity for very short dif-
fusion times, G is the gradient, c is the proton gyromagnetic
ratio, and D is the diffusion coefficient. Measurements were
made with the resonator described in the next section on a
1 cm square bottle of distilled water 4.5 cm long with its
bottom at the pole surface, for different diffusion times.
The attenuation is plotted against the factor s2

1ðs2þ
ð2=3Þs1Þ in Fig. 4. Using a diffusion coefficient for water
of 2.02 · 10�9m2/s, the gradient value calculated from the
slope of this line is 39.1 G/cm. This slightly larger value
is expected due to the field curvature away from the z-ori-
gin. Fig. 2(c) shows more closely spaced contour lines in
this region, indicating a higher gradient. Nevertheless, the
linearity of the diffusive attenuation over a large range of
diffusion times indicates that the assumption of a constant
gradient is reasonable.

3.2. Resonator

Because B0 is principally orthogonal to the plane of the
magnet, a surface coil generating a B1 field directed parallel
to its plane must be employed for truly unilateral measure-
ments. To this end, a ‘double D’ coil similar to those in
Fig. 4. Plot of diffusive attenuation for distilled water measured using the
SGSTE diffusion sequence. The measured data points (triangles), when fit
with a least squares procedure (solid line), give a gradient of 39.1 G/cm in
the sensitive spot. Imaging parameters were: 32 scans, 5 s delay between
scans, 1024 echoes averaged after the SGSTE sequence [16] with an echo
time of 150 ls. The total measurement time was under 3 minutes per data
point.
Refs. [18,19] was used. The coil consists of two counter-
wound semi-circle shaped loops situated immediately adja-
cent to one another such that the B1 field curls between
then and is therefore parallel to the plane of the coil over
its center. Each loop had 4 turns, and the coil was 3 cm
in diameter. The effective sensitive volume defined by the
coil is limited to a central region, as the current return
paths comprise the coil’s outer portion. This type of coil
does, however, generate a spurious B1 field around the
return wires which was not compensated for in this work.
The coil was matched capacitively to a frequency variable
between 4.23 and 4.27 MHz.

4. MRI profiling

To investigate the resolution available from the field
within the sensitive volume, several MRI profiling experi-
ments were carried out. The moderate field gradient allows
spins within the sensitive volume to be simultaneously
excited using a broadband RF pulse. As a result, spin den-
sity profiles from within the sensitive volume can be
obtained by Fourier transformation of the echo acquired
from a standard 90 �-s�180� spin echo experiment.

Because of the curvature revealed in the field magnitude
plot Fig. 2(d), the resolution of a y-directed profile will vary
with y. This phenomenon was investigated by imaging the
edge of a 1 cm rubber cube phantom. The sample size was
selected to only be excited by the central lobe of the B1

field. The theoretical profile of this sample would be a step
function. In regions where the field is reasonably flat over
the extent of this sample, i.e., between y = 5 mm and
y = 6 mm, the resolution should be higher than that avail-
able above and below this spot. Examining profiles with the
bottom of the cube at varying y gives a direct measure of
the blurring present in an image. Fig. 5 shows profiles of
this sample at (a) y = 1 mm, (b) y = 3 mm, (c) y = 6 mm
and (d) y = 8 mm from the surface of the pole. All profiles
experience a roll-off in intensity at larger y due to the lim-
ited extent of B1. As expected, at 1 mm from the surface,
the resolution is quite poor, and the step is spread over
almost 2 mm. In this case, the resolution loss is a combina-
tion of field curvature and the weaker gradient present
close to the pole surface. The situation improves dramati-
cally at 3 mm, and at 6 mm, the step occurs within one
pixel (�150 lm), indicating a maximally flat field. At
8 mm, the resolution worsens again, but is likely made bet-
ter since at larger distances from the coil, the excited spins
are principally those close to the coil axis (z = 0). These
results show that it is possible to obtain profiles with reso-
lutions on the order of 100 lm. The challenge lies in gener-
ating a RF field that is selective enough in the x and z

directions to maximize resolution, and which has a large
enough extent in y to excite the entire imaging volume.

To demonstrate imaging of a layered sample, a phantom
was made comprising three layers of rubber, 1 cm by 1 cm
square and 1 mm thick, separated by glass slides 1 mm in
thickness. The resulting profile is shown in Fig. 6. All three



Fig. 5. MRI profiles of the edge of a rubber phantom showing the
position-dependent resolution of the magnet. Scale indicates distance from
the top of the pole in the y-direction. The edge of the phantom was
positioned (a) 1 mm, (b) 3 mm, (c) 6 mm and (d) 8 mm from the pole
surface. The position scale in the images was calculated assuming a
gradient of 30.9 G/cm. Profiles (a) and (b) were collected with a surface
coil positioned below the pole surface. For (c) and (d), the probe was
repositioned such that its surface was 3 mm above the pole face to improve
SNR. The profiles were obtained by Fourier transformation of the spin
echo. Imaging parameters were: 4096 scans, an echo time of 0.612 ms,
delay between scans of 100 ms, acquisition window 512 us with a dwell
time of 1 ls, 180� pulse width of 7 ls with a 90� pulse achieved by halving
the pulse power.
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peaks and the spacing between them are readily observed.
The signal from the third slice is substantially reduced com-
pared to the first two due to B1 effects. This problem could
be solved either by normalizing the profile according to the
known roll-off of B1 or by adjusting the pulse width and
frequency to better excite this area.

The spatial resolution of Fig. 6 is less than that of the
profiles of Fig. 5. We attribute this to sample surface
Fig. 6. MRI profile of a phantom sample consisting of three 1 cm square
slices of rubber 1 mm thick, with a 1 mm separation. The three slices are
easily resolved, with increased blurring occurring near the face of the
magnet and lower signal away from the coil. The phantom was positioned
1 mm from the pole surface. Experimental parameters were the same as
those used for the plots in Fig. 5.
roughness and imprecise sample leveling. While undesir-
able, this resolution loss illustrates that in many realistic
samples, a theoretical spatial resolution better than
0.5 mm will not be realized in experiment to intrinsic sam-
ple non-ideality.

5. Conclusions

The design and construction of a magnet assembly pro-
ducing a magnetic field with linear spatial variation in one
direction has been presented. The field gradient allows 1D
MRI profiling using a simple spin-echo experiment. The
profile resolution is limited by the field curvature. The max-
imum resolution achievable is below 150 lm but is depen-
dent on the extent of the sample being investigated as
well as the resonator design. The marked advantage of this
system compared to other unilateral profiling hardware is
the larger sensitive spot thickness. This permits coarse res-
olution imaging of thicker layers without requiring that the
magnet be displaced relative to the sample.

The constant gradient may also find relevance in diffu-
sion measurements. As indicated by the high quality plot
of diffusive attenuation in Fig. 4, the magnetic field pro-
duced by this assembly has a strong potential for this
application.

The magnetic field was designed using a scalar potential
approach through which the pole piece shape was tailored
to produce the desired field. This method may be used to
design and manufacture magnet assemblies with specific
gradient values. Measurements have shown that while the
field is in keeping with the design, there is a significant dis-
crepancy between the analytically determined gradient and
its actual value. The magnet array is also inefficient in that
a large (13.9 cm width) array is required to produce a small
(<1 cm width) sensitive volume. The discrepancy in gradi-
ent values, along with the inefficiency, are both the result
of the magnet assembly being a finite approximation of
an infinite structure. Future work, will address this approx-
imation in order to facilitate better designed magnet arrays.
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