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Abstract

A portable, nuclear magnetic resonance (NMR) probe is described which utilises the intrinsic inhomogeneity of the field pro-
duced by a single-sided magnet to provide spatial encoding of the NMR signal. The probe uses a longitudinally magnetised hollow
cylinder, and a figure-8 radiofrequency (RF) surface coil. The system has been used to measure NMR relaxation times and one-

dimensional NMR profiles of rubber phantoms.
© 2004 Elsevier Inc. All rights reserved.
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1. Introduction

In a conventional nuclear magnetic resonance
(NMR) experiment efforts are made to achieve homoge-
neity of the static magnetic field, By, and the radiofre-
quency (RF) field, B;, over the sample volume. This
normally requires that the sample is positioned inside
the NMR apparatus. In recent years, however, a signif-
icant body of work has been published on the develop-
ment of low cost NMR systems for specialised
applications. Some of these use relatively inhomoge-
neous fields produced by single-sided magnets, which re-
move many of the restrictions on, for example, sample
size, imposed by the geometry of standard NMR
instruments.

STRAFI is a one-dimensional (1-D) NMR imaging
technique that employs the strong axial gradient in the
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stray field at the ends of a standard high field supercon-
ducting magnet [1]. A thin slice of the sample, perpen-
dicular to the gradient direction, is selectively excited
with a suitably shaped RF pulse. A 1-D profile is ob-
tained by mechanically stepping the sample through
the selectively excited region. In another variation, Blii-
mich et al. [2] have developed the NMR mobile univer-
sal surface explorer (MOUSE) as a portable NMR tool
for non-invasive measurements of material properties.
In its original form the NMR MOUSE was based
around two anti-parallel permanent magnets, positioned
on an iron yoke, to form a horseshoe geometry [3-6]. An
RF coil was positioned in the air gap between the per-
manent magnets to excite and detect the NMR signal.
More recently, this group has used an alternative mag-
net geometry in which the B, field is generated near
one pole face of a single, magnetised rectangular or
cylindrical block, which also carries an RF surface coil
[7-10]. This system has been used, together with a pulsed
gradient system, to generate 2-D cross-sectional images
[9]. Other single-sided NMR devices include one with
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the main field generated by an array of magnetised
blocks, which has been used to monitor the moisture
content of concrete, porous rocks, and wood [11,12].

This paper presents a new portable NMR probe,
which combines some aspects of these existing tech-
niques, but which can also be used to obtain 1-D pro-
files without the need to move the sample or re-tune
the RF coil. The magnet is similar to that described
by Fukushima [13], except that instead of being homo-
geneous, the field it produces has a controlled inhomo-
geneity that enables some spatial localisation without
the use of gradient coils, retuning the RF coils or mov-
ing the sample. The new device has potential applica-
tions in many areas including dermatology and the
food industry.

2. The probe system

2.1. Permanent magnet design, construction, and
simulation

“Single-sided” NMR inevitably suffers from inhomo-
geneous By and B fields. The challenge is to extract use-
ful information from the NMR measurement despite the
complex interplay of these fields which leads to variable
excitation efficiency and sensitivity across the sample
volume. Generally, the signal-to-noise ratio increases
with the magnitude of B, so there is a premium on
achieving a high value, although this presents a potential
hazard in portable systems that may be moved close to
other magnetic materials.

Potential magnet geometries were modelled and eval-
uated using commercial finite element (FE) software
(ANSYS, Canonsburg, PA, USA). In this paper, we
present the results for an axially magnetised, hollow cyl-
inder. This geometry produces a saddle point in the
magnetic field beyond the face of the cylinder, which
can be used to define a region of interest for measure-
ments within an extended sample, and also a point of
inflexion in the axial field beyond the maximum (see
Fig. 1), which is advantageous for 1-D profiling. The
parameters of the magnet are: inner and outer radii
7.5 and 50 mm, length 90 mm, and mass 5.18 kg. The
magnet was constructed commercially (Sura Magnets,
Sweden) from two 45 mm-long magnetised cylinders,
held together by mutual attraction. The magnets are
made from neodymium iron boron (NdFeB), chosen
for its high energy product and relative ease of manufac-
ture into a variety of shapes.

Magnetic field components were measured using a
Hall probe (type GMO04, Hirst Magnetic Instruments,
UK). Fig. 1 shows the experimental and FE-modelled
variation of the axial (z)-component of the By field along
the magnet’s axis, together with the axial derivative of
the simulated variation. The field reaches a maximum

350 10
L9
300
L 8
250 - -
T E
— L e
£ 200 - 6
= N
v N} 5 =
=) i .. g
o 150 PR
<
100 - r3
L2
50 -
L1
0 — 0

0 5 10 15 20 25 30 35 40

Z (mm)

Fig. 1. Measured (points) and modelled (solid curve) variation of the
axial magnetic flux density, Bj., along the z-axis of the axially
magnetised hollow cylinder and the derivative, —dBy./dz, of the
simulated curve (dashed curve). The origin is at the magnet face, and
the centre of the magnet is located at z = —45 mm.

of approximately 0.30 T at 13.5 mm from the magnet
face, and then falls off with increasing distance. How-
ever, we are primarily interested in the region beyond
the peak where the gradient in B,. may be used as the
basis for obtaining a 1-D profile of the sample in the
z-direction.

One-dimensional imaging in a static field ideally re-
quires a region of uniform magnetic field gradient in
the direction of the desired profile. In the case of axial
symmetry the best approximation to this is at the point
of inflexion of the By field which, in the present case, oc-
curs at about 24 mm from the magnet face. Outside the
magnet, in regions containing no magnetic materials,
V-B=0and Vx B=0, so that on the cylindrical axis
it follows that

0By,

aro =0 (1)
and

0By, 0By,

0z2 =2 o (2)

Egs. (1) and (2) indicate that the point of inflexion of the
axial field variation (Fig. 1) is a favourable location for
1-D imaging, since regions where the axial curvature in
By. is zero also have no radial curvature, with the result
that By. is constant to second order in the radial direc-
tion. The best position for 1-D profiling depends on
the lateral extent of the desired sensitive region and
may differ slightly from the point of inflexion. In the
present case, the field at the point of inflexion is
255mT and the gradient is 5.7 T/m. The importance
of the gradient in relation to the attainable field of view
will be discussed below.



S. Rahmatallah et al. | Journal of Magnetic Resonance 173 (2005) 23-28 25

257 - 50
)
256
A
= 255 I
E
&
R 254 -
253 4 i’i —h— Boz _ 10
/,i, -&- By,
252 L] T T 0
0 5 10 15
r (mm)

Fig. 2. Measured (points) and modelled (curves) radial variation of the
axial, By., and radial, By,, magnetic flux density components at 24 mm
from the magnet face.

Fig. 2 plots the radial dependence of the axial, B.,
and radial, By,, field components (again showing both
measured and FE-modelled data) at an axial displace-
ment of 24 mm. The B,). component is seen to be con-
stant to within £0.2 mT of 255.5 mT out to a radius
of 7.5 mm, while the B, component varies from zero
on-axis to 23 mT at 7.5 mm radius. The test measure-
ments reported in this paper were conducted on samples
located approximately 24 mm from the magnet face,
where the field has a strong axial gradient but only a
small radial dependence.

2.2. RF system

To achieve a By field normal to B, the system employs
a 27 mm diameter figure-8 transmit-receive surface coil,
shown in Fig. 3, with its plane parallel with the magnet
face, similar to that described previously [8]. This is
formed from two 10-turn, D-shaped loops of plastic-in-

o

Fig. 3. The figure-8 surface coil.

sulated copper wire, with a conductor diameter of
0.25 mm. The loops are counter-wound as this gives a
measure of protection against interference fields. This
is an important consideration in applications where
additional RF shielding is impractical [14]. The rela-
tively poor depth performance of this configuration
was not a problem in this instance as the field gradient
and frequency bandwidth restrict the depth of the sensi-
tive volume.

The plane of the RF coil is parallel to the magnet face
with its upper surface 23.5 mm above the magnet. It is
separated from the sample by a 0.5 mm glass slide. In
this region the proton resonance frequency is approxi-
mately 10.9 MHz. The coil inductance, of 0.55 pH,
was tuned to this frequency and matched to a 50 Q coax-
ial cable with low loss capacitors. The matched Q-factor
was measured to be 40, and the field per unit current,
B1/I, produced at the centre of the sample region was
found to be about 0.7 mT/A.

A commercial console was used to generate NMR
pulse sequences and acquire data (SMIS/MRRS, Guild-
ford, Surrey, UK). Rectangular RF pulses, of 1-5 ps
duration, were delivered to the coil, via a passive trans-
mit-receive switch, from a 250 W RF amplifier (Type
BT00250-CLB, Tomco Electronics Pty, Norwood,
Australia).

3. Methods and results

In this section are reported some simple experiments
that were used for evaluation of the probe. In NMR mea-
surements on extended samples the strength of the signal
may be of interest in itself, e.g. in monitoring the time evo-
lution of water content. However, given the versatility of
the NMR method, it is likely that measurements of dy-
namic aspects of the signal will play a significant role in
applications. To that end we have monitored the response
from an extended sample to conventional pulse sequences
for Ty and T> measurement.

It has to be acknowledged that the response to con-
ventional sequences, which depend on the local tipping
angle achieved and the effectiveness of a refocusing
180° pulse, will be corrupted to some extent by the
imperfect relationship between B and B, in the inhomo-
geneous fields [15]. The extent of these effects is being
investigated by computer simulation.

3.1. Relaxation rate measurements

Samples were prepared from two types of rubber.
Disks approximately 1 mm thick and 6 mm diameter
were cut from the white and blue ends of a pencil eraser.
The NMR relaxation times of these samples were esti-
mated using Hahn spin echo pulse sequence. The 90
and 180° RF pulse widths were fixed at 2.5 and 5 ps,
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Fig. 4. Spin echo amplitude (in arbitrary units) as a function of TE for
the white rubber sample, recorded with the single sided probe at
10.9 MHz and 23 °C. TR was fixed at 150 ms.

respectively, and the pulse amplitude was varied to max-
imise the echo amplitude.

To estimate 75, the sequence repetition time, TR, was
fixed at 150 ms and echo amplitudes were recorded as a
function of echo time, TE. The data for the white rubber
sample are shown in Fig. 4. Each point was accumulated
from 1000 averages, with an acquisition time of about
24 min. When the data are fitted to a stretched exponen-
tial function [16] of the form S = S,exp(—(1/b)(TE/
Tz)b), this yields a 7> value of approximately 3.3 ms,
with a b value of 0.79.

T, was estimated by recording echo amplitudes as TR
was varied, with TE fixed at 0.46 ms, and then fitting a
saturation recovery curve of  the form
S = Sy(1 — exp(—TR/T})) to the data. Fig. 5 shows the
results, from which the white sample’s 77 was estimated
to be about 57 ms. T} and T, were estimated in the same
way for the blue sample to be 29 and 3.3 ms.

It needs to be noted that the use of inhomogeneous
By and B fields complicates the experiment, so further
work will be required to quantify how the relaxation
times estimated by the above methods relate to the true
values which would be found in uniform static and RF
fields [15,17].

3.2. One-dimensional profiles

The gradient in the field, By., near to the axial inflex-
ion point was used to provide spatial resolution of the
NMR signals. Two test objects, each with overall thick-
ness less than 1.4 mm, were made to demonstrate the 1-
D profiling capability.

The axial B, variation over the phantom thickness
corresponds to a frequency range of about 350 kHz, so
the RF excitation bandwidth, determined by RF pulse
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Fig. 5. Spin echo amplitude (in arbitrary units) as a function of TR for
the white rubber sample, recorded with the single sided probe at
10.9 MHz and 23 °C. TE was fixed at 0.46 ms.

length and the RF coil’s signal response, should be com-
patible with this range. The profiling experiments we re-
port here utilised maximum pulse durations of 2.2 s,
corresponding to an excitation bandwidth of about
450 kHz. The coil’s intrinsic Q-factor of 40 would have
limited the effective bandwidth to approximately
270 kHz, so 0.5 Q was added in series with the windings
to reduce the Q-factor to approximately 20. Although
this reduced the sensitivity to NMR signals, the profiling
capability was improved because the full excitation
bandwidth could be used.

The first phantom comprised three thin disks of the
rubber materials described earlier. The disks were, as be-
fore, 6 mm diameter; one white rubber disk of thickness
0.25 mm was sandwiched between two blue disks of
thickness 0.26 and 0.34 mm, with 0.27 mm glass slides
used as separators.

Spin echo signals were accumulated from the phan-
toms over 10,000 averages, with TE fixed at 0.2 ms.
TR was set first to 150 ms and then 30 ms, giving acqui-
sition times of 25 and 5 min, to produce profiles with
different 7'y weightings. Fig. 6 shows the frequency spec-
tra of the accumulated signals for both values of TR.
These spectra correspond to 1-D projections of the dis-
tribution of 'H in the sample, in a direction perpendicu-
lar to the magnet face. Three peaks corresponding to the
rubber disks are clearly resolved in each trace, with the
left-hand peak emanating from the disk nearest the mag-
net and RF coil.

The particular surface coil geometry employed here is
unfavourable for SNR, compared, for example, to a
solenoid, but it has the important advantage of allowing
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Fig. 6. NMR profiles (in arbitrary units) from a test object comprising
white and blue rubber samples, recorded with the single sided probe at
10.9 MHz and 23 °C. TE was fixed at 0.2 ms for both profiles; the TR
values are 150 ms (solid line) and 30 ms (dashed line).

single-sided access for measurements on extended ob-
jects. To confirm that the sensitivity was as expected,
the SNR of the profile recorded for TR = 30 ms, shown
in Fig. 6, was estimated from the raw data (i.e., before
Fourier transform) by comparing the spin echo ampli-
tude with the RMS noise level, and found to be about
50. This is compatible with the value calculated by using
the reciprocity principle [18] with the RF coil parameters
given in Section 2.2.

There is evidence from the relative linewidths of the
expected reduction in sensitivity towards the extremes
of the spectrum. As has been noted, this has its roots
in the complex interplay of the inhomogeneous B, and
B, fields and is a crucial issue in static field 1-D profiling
experiments. However the slice widths and separations
confirm the preliminary Hall probe measurement of
the field gradient of 5.7 T/m.

The T} and T), values reported in Section 3.1 suggest
that the profile acquired with TR = 150 ms should dis-
play mainly proton density information, with very little
T, weighting. The profile acquired with TR =30 ms
shows a reduction in the signals due to partial saturation
effects. The reductions are in accordance with the mea-
sured 7; values, the white and blue samples being re-
duced to 44 and 57% of their previous values. This
simple experiment demonstrates the system’s potential
for measuring relaxation properties of materials as a
function of depth.

The spatial resolution in the profile is determined by
the resolution inherent in the data acquisition protocol
(in this case 64 samples at 400 kHz) compounded by
the radial variation in the total field, By, within the slice.
In the frequency domain these contributions to the line
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Fig. 7. NMR profiles (in arbitrary units) from a test object comprising
four thin rubber sheets, recorded with the single sided probe at
10.9 MHz and 23 °C. TE was fixed at 0.2 ms; the TR values are 150 ms
(solid line), 30 ms (dashed line), and 10 ms (line with points).

broadening amount to about 6 and 8 kHz, respectively,
and limit the spatial resolution to about 60 pm in the ax-
ial profiling direction. However, this phantom is wholly
within the sensitive volume of the apparatus and so does
not adequately test the depth resolution for an extended
sample.

The second phantom is a four-layer sandwich of iden-
tical thin rubber sheets, each 25 x 35 x 0.13 mm, sand-
wiched between 0.2 mm thick glass slides. The
experimental protocol is the same as the previous one
except that, because this material has a shorter 7}, an
additional spectrum was obtained with TR = 10 ms.
The data are shown in Fig. 7. The T relaxation time de-
duced from the TR dependence of the spectrum is
approximately 22 ms. This figure is consistent for all
four layers.

This sample extends well beyond the sensitive region
and demonstrates the spatial resolution attainable from
extended samples. In this case, the intrinsic frequency
resolution and the radial variation of B, contribute 6
and 20 kHz to the line broadening, the total amounting
to a spatial resolution of about 110 um, as is evidenced
in Fig. 7. The higher spatial resolution for the first phan-
tom could be achieved for an extended sample at the ex-
pense of reducing the sensitive volume by suitable
tailoring of the RF field.

4. Conclusions

The potential of a new portable probe for single-sided
NMR has been investigated. The longitudinally magne-
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tised, cylindrical permanent magnet generates a field
with an intrinsic gradient perpendicular to its end face.
This has been combined with a figure-8 surface coil,
which generates an RF magnetic field mainly perpendic-
ular to the static field, to produce a single-sided NMR
probe.

The probe has been used to measure relaxation rates
and 1-D NMR profiles of rubber phantoms. One-dimen-
sional profiling is achieved using the favourable region
of the field gradient in the vicinity of its inflexion point
and using broad-band RF excitation. The particular
configuration discussed is one of a number under review
and achieves a 1-D resolution of 110 um for extended
samples. This contrasts with methods reported by others
which either require that the sample is moved through
the field gradient [1], or that the RF excitation frequency
is varied [7].
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