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Abstract

A single-sided NMR sensor to produce depth profiles with microscopic spatial resolution is presented. It uses a novel per-
manent magnet geometry that generates a highly flat sensitive volume parallel to the scanner surface. By repositioning the sen-
sitive slice across the object one-dimensional profiles of the sample structure can be produced with a space resolution better
than 5 um. The open geometry of the sensor results in a powerful testing tool to characterize arbitrarily sized objects in a

non-destructive way.
© 2005 Elsevier Inc. All rights reserved.
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1. Introduction

Single-sided NMR sensors offer access to study arbi-
trarily sized objects non-invasively. They combine open
magnets and surface RF coils to generate a sensitive
volume external to the sensor and inside the object un-
der investigation [1-5]. The price paid to gain in access
is the impossibility of generating homogeneous magnet-
ic fields. Nevertheless, this natural gradient can be
exploited to obtain depth resolution into the material.
The procedure is fully equivalent to the one used by
the STRAFT technique [6], where the strong stray field
gradient of superconducting magnets is used to measure
profiles with high spatial resolution (in such a set-up,
the superconducting magnets are used as large single-
sided sensors). Although the strength of the static gra-
dient generated by single-sided magnets is comparable
to that in STRAFI experiments, the lateral gradients
from small magnets results in rather poor depth resolu-
tion. Several attempts have been made to increase the
gradient uniformity by tailoring the magnet geometry,
but spatial resolution better than half a millimeter is
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hard to achieve [7-10]. Complicated magnet arrays
have been the result of optimization procedures where
the field profile is improved by playing with the posi-
tion and orientation of a large number of permanent
block magnets [9,10]. The philosophy adopted in previ-
ous designs requested the magnet to generate planes of
constant field strength in large depth ranges. Such a
profile is convenient because it allows selecting slices
at different depths into the object simply by electroni-
cally switching the tuning frequency. Although the
retuning procedure is simple and fast, we have detected
deficiencies in this approach. Density profiles are con-
trasted by relaxation times or self-diffusion to improve
the discrimination of heterogeneities in the material,
but when the depth is changed the values of these
parameters vary, introducing systematic changes in
the contrast. For example, considering that the static
field has a gradient of some T/m the resonance frequen-
cy changes by several MHz in a few millimeters. This
poses a restriction to the use of 7' contrast in samples
with frequency dependent 7). Moreover, the transverse
relaxation time (7,.q) measured by a CPMG sequence
in inhomogeneous fields, which is a mixture of 7 and
T, [11], changes with the depth due to the variation
of the By, and B; field profiles. Even the contrast by
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diffusion is distorted as a consequence of the variation
of the static gradient as a function of the depth.

During the last year, we have changed the scanning
strategy going back to the original one used by the
STRAFI technique, where the sample profiling is per-
formed just by changing the relative position of the sam-
ple with respect to the sensitive slice keeping the
excitation frequency constant [6]. Besides being a distor-
tion free procedure, it only requires the generation of a
flat sensitive slice at a single depth. This important
reduction in constraints to the optimization procedure
is exploited to produce higher depth resolution.

In this work, a single-sided NMR sensor intended for
high resolution sample profiling is described. With it,
microscopic depth resolution is achieved in situ for the
first time with an open NMR sensor. By repositioning
the sensor with respect to the sample, 1D profiles with
a spatial resolution better than 5 um are obtained. An
important fact is that the magnet is of extremely simple
construction and inexpensive to manufacture, which is
important factor when such a tools are intended for
quality control.

2. Sensor design

Magnets optimized to generate a uniform gradient in a
large depth range are mainly based on the U-shape geom-
etry, which uses two block magnets with antiparallel
polarization placed on an iron yoke [3]. The important
advantage of this magnet geometry relies on the fact that
the static field is parallel to its surface, allowing its com-
bination with simple and efficient surface RF coils.
Recently, sensors based on simpler magnets like single
solid bars or hollow cylinders [12,13] have been employed
to generate near their pole faces a much more uniform
magnetic gradient. But as the magnetic field generated
by these geometries points along the depth direction, spe-
cial planar RF coils are required to provide a B field par-
allel to the magnet surface. Coil geometries, like figure-8
[12], are generally used in combination with these mag-
nets, but they have two main disadvantages. First, the
strong gradient of the B, field makes these coils inefficient
for measurements at large depths. Second, they offer poor
lateral selection, which is a critical issue when high depth
resolution is required. The lateral dimensions of the plane
where the magnets generate a constant magnetic field are
finite and the selective excitation of this region is primar-
ily determined by the design of the RF coil. On account of
these facts, we decided for a magnet geometry with the
static field parallel to the surface.

2.1. Magnet system

The poor depth resolution characteristic of the
U-shaped geometry (Fig. 1 with ds=0) is fully deter-

mined by the lateral variation of the static field. Fig. 2
shows the spatial dependence of the magnetic field mag-
nitude at different depths along the x and z directions.
Although the field depends on the spatial coordinates
in a complicated way, it can be approximated well by

[Bo(r)| = Bo(y) + a(»)2 + B(»)x’, (1)

where By (y) takes into account the main spatial variation
along the depth, and o and f account for the lateral devi-
ations at each depth. Since o and f§ have opposite signs, a
sensitive volume with the shape of a horse saddle is de-
fined. Although at the surface |o| > |f|, the relationship
is inverted |f| > || for large enough depth of the order
of the magnet gap dg.Therefore, for increasing depths,
the sensitive volume becomes rather flat along z, and it
is the curvature along x which determines the resolution.
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Fig. 1. The new magnet geometry used to generate a highly flat
sensitive volume. It consists of four permanent magnet blocks
positioned on an iron yoke. The direction of polarization of the
magnets is indicated by the gray scale. Two magnets are polarized
along y and two along —y. Magnets with the same polarization are
separated by a small gap ds (2 mm) while magnets with opposite
polarization are separated by a gap dp (14 mm). At 10 mm depth, the
magnetic field points along z and has a magnitude of about 0.4 T, while
the gradient is about 20 T/m and points along y.
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Fig. 2. Magnitude of the magnetic field along z (filled points) and x
(empty points) at y =0 (squares), 10 (circles), and 20 mm (triangles).
The field magnitude was computed from the three field components
scanned with a hall probe. It can be observed that the value of both ||
and |f] in Eq. (1) becomes smaller with the increasing depth. They keep
their sign, but « clearly goes to zero much faster than f.
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To reduce |f|, the size of the magnet along x can be
increased, but this brute-force solution leads to very
large and heavy magnets. The solution presented in this
work introduces a second gap ds along x as shown in
Fig. 1. To illustrate that, a set of By profiles were
measured for increasing ds at y =10 mm, and z=0
(Fig. 3). For ds =0 (conventional U-shaped design), a
strong variation of the field can be observed, while for
a ds =2 mm the magnitude of the filed is almost con-
stant in a region of 20 mm. If the gap is further increased
to 4 mm the profile has the opposite curvature, showing
that there is an optimum ds for a constant field along x.

For a fine tuning of ds, the magnetic field was
scanned via the NMR resonance frequency of an oil film
10 um thick and 2 mm wide confined between two glass
plates. The high precision to measure the magnetic field
strength in this way allows one to search for the final
magnet positions to define the highest field uniformity.
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Fig. 3. Magnitude of the magnetic field along x for ds =0 mm (OJ),
2mm (O), and 4 mm (A), at 10 mm from the magnet surface, and for
z=0. The field magnitude was computed from the three field
components scanned with a hall probe, and fitted by a fourth order
polynomial. The field profiles clearly show the change in the field
curvature generated by the gap ds along x.
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Fig. 4. Magnetic field magnitude measured at y =10 mm via the
resonance frequency of an oil film 10 pm thick and 2 mm wide. The
field was scanned along x (solid points) and z (empty points)
repositioning the film each millimeter and having the long side of the
sample perpendicular to the scanned axis. The field variation in a
region of 10 mm along both directions is smaller than 0.2 mT, which
corresponds to a depth deviation smaller than 10 pm.

The field profiles shown in Fig. 4 have a variation small-
er than 0.2 mT in a range of 10 mm along both x and z
directions. Taking into account the magnitude of the
static gradient, the field curvature can be converted to
position to determine the depth variation, which results
in less than 10 um deviations from the planar geometry
even at the corners of the scanned region.

It is important to point out, that the region where the
field can be considered constant is limited. Beyond the
limits, the lateral gradients increase dramatically. In
general, the objects to be scanned are larger than the
spot where the field is constant. Consequently, the lat-
eral limitation of the sensitive volume is critical in the
design of the RF coil of a sensor intended for high depth
resolution.

2.2. Radiofrequency coil

The design of the RF coil to be used for sample pro-
filing in combination with the present magnet has to ac-
count for two important issues. First, the coil
dimensions must be set to select a 10 x 10 mm? spot in
the x—z plane where the magnet defines a highly constant
magnetic field. Second, the coil inductance must be kept
to a minimum to reduce possible detuning due to load-
ing changes introduced during the scanning procedure.

The RF coil designed to fulfill these requirements is a
two-turn rectangular coil from 1.0 mm diameter copper
wire. It is 14 mm long along x and 16 mm along z. The
coil can be positioned at different distances from the flat
slice to change the maximum penetration depth into the
sample. When placed at 4 mm from the slice, the magni-
tude of the RF field is the half of the value at the surface.

A conventional tank-circuit is used for tuning and
matching of the RF coil. The low coil inductance of
about 0.06 uH requires 1400 pF to tune it to
17.5 MHz. The nominal quality factor (Q) of the circuit
is 65, which leads to a dead time of about 20 ps. By
introducing a resistance in parallel to the coil, the Q
can be reduced to shorten the dead time. For example,
with a resistance of SkQ, a Q of 23 and a dead time
of about 7 us can be obtained. To test the change in
the tuning and matching conditions, different samples
like polymers, water and oil, biological samples, and
rocks were place on top of the RF coil, obtaining a max-
imum shift in the resonance frequency of 9 kHz, 30
times smaller than the circuit bandwidth, and a negligi-
ble change from —40 to —37 dB in the reflected power.

2.3. Lift

The profiling method requires repositioning of the
sensitive slice through the object. Hence, either the sam-
ple is moved with respect to the sensor or the sensor with
respect to the sample. In practice, the second option
appeared to be more convenient to us. Fig. 5 shows a
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Fig. 5. Schematic of the /ift used to reposition the sensitive slice across
the sample with a precision of 10 pm. The object is placed on top of the
plate A, which is parallel to the movable plate B where the sensor is
mounted. In this way, the surface of the object can be precisely aligned
with the flat sensitive slice. The drawing also illustrates the positions of
the sensitive slice, the RF coil that defines the sensor surface, and the
magnet surface.

schematic of the /ift system used to reposition the sensor
placed underneath the sample. The object under study is
positioned on top of a flat holder (A) and the NMR sen-
sor is placed on a movable plate (B). This mechanism al-
lows one to move the sensor up and down with a
precision of 10 pm.

3. Experiments and results
3.1. Spatial resolution

The spatial resolution achieved with a single-sided
sensor is determined by the full-width at half-maximum
(FWHM) of the point-spread function (PSF) like in any
NMR imaging experiment. In the presence of an ideal
gradient, this function can be calculated in terms of
the maximum gradient strength, the line-width, etc.
Nevertheless, in the present case the resolution limit is
imposed by imperfections of the gradient, so that the
PSF must be determined experimentally. It can be done
by imaging a very thin object or as the derivative of the
image of a step sample. Taking the second option, an oil
film 5 x 5 cm? placed on a glass slide was imaged center-
ing the oil-glass interface with the sensitive volume. The
RF pulse length was set to 5 us to excite a slice much
thicker than the expected point-spread function. Fig. 6
compares the PSF at the surface of a conventional
U-shaped magnet with the one obtained with the new
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Fig. 6. Comparison of the PSF measured with the conventional
U-shaped magnet (solid points) and the new 4-magnet design
presented in this paper (empty points). The line for the U-shaped
magnet was constructed by scanning the signal intensity of a sample
layer 100 pum thick as a function of y. Its FWHM is about 1 mm, and it
is not symmetric. The PSF for the 4-magnet geometry was obtained as
the derivative of the step image of a glass—oil interface. The zoom
demonstrates that the line-width is about 2.3 um.

magnet geometry. To better appreciate the line-shape,
a zoom is also displayed in this figure, showing that a
FWHM of 2.3 um is achieved.

It is worth noting that this high resolution was
achieved using a sample with lateral dimensions much
bigger than the spot where the static field can be consid-
ered constant. It confirms that the RF coil efficiently se-
lects the limited region indicated in Fig. 4. From here on
in this paper, the lateral dimensions of the samples are
always much bigger than the dimensions of the RF coil.
In experiments where a resolution poorer than 2.3 um is
used, the gradient can be considered uniform and the
resolution calculated in terms of gradient strength and
acquisition time.

The profiling procedure described in previous sec-
tions works by repositioning the sensor with respect to
the sample and measuring a single-point per increment
step. However, multiple points can be acquired by Fou-
rier transformation of the echo signal if a thick enough
slice can be properly excited [14]. The excitation band-
width of the sequence can be calculated as the inverse
of the length of the RF pulses used. If the RF power
is large enough to apply short RF pulses, the quality fac-
tor of the RF circuit must be considered to determine
the maximum bandwidth. As a consequence of the
non-uniform excitation profile the image intensity suffer
from important attenuation as a function of the frequen-
cy offset. In this work, we defined the maximum slice
that can be imaged as the central region in the image
of a uniform sample without appreciable intensity vari-
ation. For the present sensor configuration, it was deter-
mined to be 42 kHz, which corresponds to 50 um. The
Fourier imaging method can be combined with the step-
wise procedure to reconstruct the profile in a straightfor-
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ward fashion by plotting portions of 50 um one next to
the other. No correction, interpolation or smoothing is
required at the places where two consecutive portions
join. To illustrate the performance of the method, a
phantom made up as a sandwich of two latex sheets
70 um thick separated by a 150 um glass slide was
scanned (Fig. 7).

The high resolution can be appreciated from the
sharp edges of each latex sheet. For this particular case,
the RF coil was placed to define a maximum scanning
range of 2 mm but it can be adjusted to the desired value
by just changing the relative position between the coil
and the magnet surface.

For some special applications where just a thin slice
of no more than a few hundred microns needs to be im-
aged the Q factor can be reduced to completely excite
the slice. When this is done no repositioning of the sam-
ple is required. It is worth pointing out that the only
advantage of this approach is the elimination of the
positioning device, but it does not lead to any time sav-
ing. When, for example, the Q is reduced a factor of 2 to
double the slice thickness the measuring time to get the
same S/N ratio is also doubled.

An interesting application of the method is the profil-
ing of the multi-layer wall of a PE gasoline tank. Multi-
layer structures are widely used and can be found in
almost any plastic packaging material. They often in-
clude thin barriers to reduce the permeation of specific
compounds through the container wall. For the gasoline
tank, a barrier layer is required to reduce the vapor
emission below the legal limit, but these layers can also
be made to act as oxygen barriers in food packages. The
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Fig. 7. One-dimensional profile of a sample made of two thin latex
layers 70 um thick separated by a glass spacer 150 pm thick. The full
profile has a field of view of 500 um. It is the combination of a set of
images with a FoV of 50 um acquired by repositioning the sensor in
steps of 50 um to cover the desired spatial range. Each of these images
is the FT of the echo signal obtained as the addition of the first 16
echoes acquired with a CPMG sequence with an echo time gz = 345 ps
and 512 scans. Using a recycle delay of 50 ms, each image took 30 s
and the total profile 5 min. In this experiment, the acquisition window
was set to 300 ps, which in the presence of a gradient of 20 T/m defines
a nominal resolution of 4 pm.
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Fig. 8. One-dimensional profile of the wall of a PE gasoline tank. T}
and T, were measured across the sample, and uniform values of about
90 ms and 300 ps were obtained. The profile intensity is the addition of
the first eight echoes acquired with a solid-echo train with 75 =40 and
4 ps long RF pulses. A nominal spatial resolution of 50 um was defined
by setting the acquisition window to 20 ps. The position of the sensor
was moved in steps of 25 um requiring 160 points to cover the
complete sample thickness. Using 512 scans per point and a recycle
delay of 150 ms, a total time of 75 s was required for each point.

barrier is mainly made of an ethylene-vinyl-alcohol-co-
polymer (EVOH), which is glued to high density poly-
ethylene (HDPE) by some resin. The present wall
structure consists of five layers. From the outside to
the inside they are regrind, resin, EVOH, resin, and
HDPE (Fig. 8).

This material possesses a short Th.q of the order of
300 ps and can be taken as realistic test case to appre-
ciate the sensitivity and resolution of the sensor. The
amplitude of each point in the profile is the addition
of the first eight echoes acquired by applying a solid-
echo train with g =40 and 4 ps long RF pulses. Notice
that the depth selection is not achieved by applying
selective RF excitation. Actually, the RF pulses are al-
ways set to guaranty a uniform excitation across the
slice and to keep relaxation during the pulses to a min-
imum, while the depth resolution is achieved by con-
trolling the length of the acquisition window. In
general, when the desired spatial resolution is compara-
ble to the maximum excitation bandwidth, just the
point at zero frequency is taken from the FT of the
echo signal.

3.2. Relaxation and diffusion contrast

The slice selection procedure can be combined with a
number of pulse sequences to spatially resolve NMR
parameters or to contrast the profiles with a variety of
filters. The one most commonly used is the CPMG se-
quence, which is implemented to measure the transverse
relaxation time. In this case, the complete echo train de-
cay can be acquired and fitted to determine the 7. or
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different parts of the train can be co-added to obtain
relaxation time weighted profiles. We have found this
last option more convenient, especially when the decay
has a complicated time dependence, or when T, or at
least one component of the decay is comparable with
the echo time ¢g. Therefore a weighting function is de-
fined as follows:

Lo L —If
w(ii, it, Ji, J, tE) Ji— i

Jr I
SOSG)/SSG), ()
J=i =1

where S(7) is the intensity of the signal at time z. The
integration limits i, i, j;, and j; are adjusted to obtain
the optimum contrast. To illustrate the performance of
this method, a sample made of three natural rubber
sheets with different cross-link densities separated by
glass slides 150 um thick was imaged (Fig. 9).

Since the first works on single-sided sensors it was
suggested that the natural static gradient could be used
to measure the self-diffusion coefficient of liquid-like
samples. Nevertheless, the poor gradient uniformity al-
ways limited the accuracy of this type of experiment.
Some approaches used the real spatial variation of the
gradient magnitude to deconvolute the distribution of
decays across the sensitive volume using post-process-
ing, but this method is very time consuming and offers
poor accuracy [15]. The magnet geometry presented here
generates a magnetic field with a quite uniform gradient,
so that straightforward methods like the Hahn or stim-
ulated echo sequences can be used. Different liquids
have been measured by incrementing the 7g of the Hahn
echo sequence. Following the Hahn-echo filter, a
CPMG sequence was applied to generate an echo train

0.8
84ms

7§: i Ve 6.6 ms
2 0.6
< 4.4 ms
o
o5 041
(s2]
S
@
= 0.21
2

0.0

0 1 2 3 4

depth[mm]

Fig. 9. One-dimensional profile of a phantom made of three rubber
layers with different cross-link densities separated by glass spacers
150 um thick. The profile amplitude corresponds to the weighting
function w calculated with i = 1, i =32, j; = 33, and jy= 128 (in Eq.
(2)). The method allows a fast discrimination of the cross-link
densities. The Ty obtained from the data fitting are displayed in
the plot. It is observed that the values of the weighting function
correlate with Then. In regions where the signal was close to zero the
weighting function was not evaluated and a zero value was assigned to
the profile.
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Fig. 10. Attenuation of the signal amplitude as a function of the echo
time ¢ of the Hahn-echo sequence. Although the gradient strength was
first estimated to be 20.0 T/m by imaging methods, it was recalculated
with higher precision by the water diffusion experiment (M) to 20.65 T/
m. From the slopes of the linear fits, the diffusion coefficients of
ethanol (@) and hexadecane (A) were calculated as 0.974 x 10~ and
0.349 x 10~ m%/s, respectively, which are in very good agreement with
the values reported in literature [16,17]. All measurements were
performed at 22 °C. For sensitivity improvement, a CPMG sequence
was applied after the formation of the Hahn-echo. In these experi-
ments, 1000 CPMG echoes were co-added, reducing the experimental
time to measure each diffusion curve to less than a minute.

for detection with improved sensitivity. Fig. 10 shows
the experimental data for water, ethanol, and hexade-
cane, together with linear fits. The uniformity of the gra-
dient can be evaluated from the very good agreement
between the signal decay and the correspondent linear
function. Thanks to the sensitivity improvement ob-
tained by the addition of the echo train, a measuring
time shorter than 1 min was required for each diffusion
curve.

3.3. Scanning large depths

In many cases, not only high spatial resolution but
also a large penetration depth is desired. It can be
achieve by increasing the dimensions of the magnet
blocks and gaps keeping their proportion fixed. When
the magnet is scaled up the depth where the plane of
constant field is generated as well as the maximum reso-
lution are scaled up by the same factor. Although the
magnet scaling is the natural procedure to reach larger
depths, it leads to a non-desired increase in the sensor
size. A more elegant solution is to keep the sizes of the
magnet blocks constant and to increase the gaps keeping
their proportions fixed. A second prototype generating a
flat slice at 18 mm from the magnet surface was built
using dg =20 mm and ds =3 mm. At this depth, the
magnetic field is By =0.25 T and the static gradient is
Go = 11.1 T/m. Combining this magnet with an RF coil
22 x25mm? a working depth of 10 mm was defined.
An object made of three rubber layers separated by glass
spacers with a total thickness of 10 mm was scanned,
and the results are shown in Fig. 11. It is important to
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Fig. 11. Profile of a phantom made of three rubber layers 2 mm thick
separated by glass slides 2 and 1 mm thick. The CPMG sequence was
executed with the following parameters: repetition rate, 50 ms; 7,
0.12 ms; number of echoes, 48 and 64 accumulations. The profile was
scanned in 5 min with a spatial resolution of 100 pm.

stress the very good sensitivity of the device. Each point
in the profile corresponds to a 100 um thick slice at
10 mm from the sensor requiring a measuring time of
only 3s.

4. Conclusions

A single-sided NMR sensor that provides a depth res-
olution better than 5 um was presented. It takes advan-
tage of a new and simple magnet geometry that
generates a magnetic field with an extremely uniform
gradient to resolve the near surface structure of arbi-
trarily large samples. The scanning procedure requires
repositioning the sensor. It keeps the measurement con-
ditions constant and eliminate systematic errors intro-
duced otherwise in the relaxation times and diffusion
weight. The sensor was equipped with a low inductance
RF coil which is insensitive to loading changes during
the scanning procedure avoiding the necessity of
retuning. The definition of a flat sensitive volume is
advantageous not only from the imaging point of view:
single-sided sensors are also used to study thin samples
like paper sheets and old documents, where an
important sensitivity improvement is expected from
the larger intersection of the sample and the sensitive
volume. Furthermore, background signals from the sen-
sor housing are completely eliminated. Potential use of
the profiling technique is envisioned in a large number
of applications like the measurement of moisture pro-
files, the effects of cosmetics in human skin, solvent
ingression in polymers, and the state assessment of
paintings and other objects in efforts to conserve cultur-
al heritage.
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