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The paper describes an advance in stray field imaging (STRAFI)
whereby images of planar samples can be obtained in the stray field
of a superconducting magnet without the need for sample rotation.
This is achieved by using the static stray magnetic field gradient in
combination with pulsed orthogonal gradients. Results of both two-
and three-dimensional implementations of the experiment are pre-
sented and discussed. An extension to diffusion-weighted imaging
is introduced. The technique is expected to prove particularly use-
ful in experiments where high resolution is required in only one
direction while lower resolution is acceptable in the orthogonal
directions, such as in studies of the drying and curing of paints
and varnishes. Arising from the work, a new method for accu-
rately calibrating the radiofrequency pulse width in stray field is
found. C© 2002 Elsevier Science (USA)
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INTRODUCTION

Magnetic resonance microscopy is proving to be an important
characterization tool in materials science (1), most notably for
studies of liquid transport in solids and porous media, for stud-
ies of liquid flow through pipes and vessels, and for studies of
dynamic processes such as cooking and polymer cross-linking.
In our own work, we have investigated single and binary mix-
tures of solvents ingressing polystyrene (2), creaming and drying
of emulsions layers (3, 4), and the drying and cross-linking of
latex dispersion coatings (5). It is these latter activities which
primarily prompt the technical developments reported here. To
adequately study coatings systems we require a high spatial res-
olution of the order of 10 µm across a coating layer typically
100–300 µm thick with more moderate in-plane resolution to
accommodate sample wrinkling and edge effects.

In MRI studies of many cross-linking dispersion coatings,
there are two principal difficulties. The first is that the sample is
initially wet and flows easily. In consequence it is not possible to
readily move the sample, especially if it is being maintained in
a controlled atmosphere. The second is that as the sample dries
so the spin–spin relaxation time of the continuous and, more
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especially, the dispersed phase dramatically decreases leading
to broad resonance lines. The former decreases due to increased
liquid confinement, the latter due to increased cross-linking.

In recent years, many MRI methodologies have been deve-
loped to overcome the difficulties associated with the severe line
broadening in solids (6, 7), including line-narrowing techniques
(8), the use of fast oscillating gradients (9), and strong field gra-
dients (10). Stray field imaging (STRAFI) (11) is a high gradient
imaging method which offers high spatial resolution for systems
with broad and moderately broad NMR linewidths (12, 13). The
method exploits the large and extremely stable magnetic field
gradient surrounding a standard high field magnet. In this gra-
dient, a radiofrequency pulse excites nuclei in only a very thin
slice of the sample orthogonal to the gradient. In a typical 1H im-
plementation, the gradient is of the order of 60 T/m and a pulse
of 10 µs duration excites a slice approximately 40 µm thick.
A one-dimensional profile is obtained by stepping the sample
through the position of the resonant slice and acquiring NMR
echo intensity data at each position. No Fourier transform is nec-
essary. This can be done relatively quickly, as there is no need
for spin–lattice relaxation delays between acquisition of suc-
cessive slices. A well-averaged profile containing typically 128
data points can be acquired in a few tens of seconds. Two- and
three-dimensional image data are conventionally obtained by ad-
ditionally rotating the sample. However, this procedure is rarely
carried out as the experiment becomes very time consuming. A
particular advantage of STRAFI is that relaxation and diffusion
contrast is readily retained in the NMR data through the use of
spin echoes, albeit that a certain care has to be taken in interpret-
ing echo train decay and modulation (14–16). Multidimensional
demonstrations of STRAFI in the literature include early two-
dimensional images of irregularly shaped polymer samples by
Samoilenko et al. (17). Elsewhere, Zick (18) has obtained three-
dimensional images of polycarbonate samples, and used T2 con-
trast to assess solvent ingress. T2 contrast was also employed in
the three-dimensional work of Wang et al. (19) on “green” ce-
ramics and the two-dimensional work of Iwamiya and Sinton
(20) on various materials of interest to the aerospace industry.

The original STRAFI method, using a high field supercon-
ducting magnet, is still important, but lower cost alternatives

dedicated to high field gradient work are now available. For
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instance, a permanent magnet with specially shaped pole pieces
has been designed by the scalar potential method and built by
Glover et al. (21). Dubbed GARField (gradient at right angles
to field), the magnet offers a vertical field gradient orthogonal
to the (horizontal) field direction that can be used to obtain one-
dimensional profiles of planar samples weighted by all the usual
relaxation-based NMR contrast parameters. For planar samples
up to 500 µm thick, a short radiofrequency pulse can excite nu-
clei across the whole sample thickness and normal frequency
encoding–Fourier inversion can be employed (22, 23). The field
profile of GARField is highly tailored. In particular the mag-
nitude of B0 is constant in the horizontal plane although its
direction varies slightly. We find that the improved geometry
and field profile of GARField mean that for profiling coatings
it outperforms (in terms of resolution, signal-to-noise, etc.) a
high field STRAFI system. Another magnet geometry is the
NMR-MOUSE developed by Blümich and Blümler and their
respective co-workers (24). This uses the field produced by two
anti-parallel polarized permanent magnets. In this case, however,
the field profile, although known, is highly inhomogeneous. This
poses severe practical problems for spatially localized work (25).
A recent addition to the MOUSE involves an additional gradi-
ent coil pair and a Helmholtz pair type radiofrequency probe in
the gap between the two magnets to obtain a one-dimensional
profile (26). An alternative technique is the “planar imaging”
experiment of Miller and Garroway (27), in which a large, pla-
nar sample is placed in a sensitive slice outside the body of the
magnet. Information is acquired using a mechanically translated
surface coil coupled with a swept frequency STRAFI sequence
for depth resolution.

It is from these various developments, and of course con-
ventional liquid-state MR microscopy methods (22), that we
arrive at the method described in this paper. As already stated,
and for the reasons given, it has been developed specifically for
imaging planar coatings systems where both through-depth and
transverse (lateral) liquid transport and polymer cross-linking
play a role, but where sample rotation of the initially wet sample
is impossible. To date high-resolution, one-dimensional profil-
ing through the depth of coating systems has been achieved
using GARField (5). Two-dimensional data have been obtained
using conventional imaging techniques but has only been car-
ried out for thicker layers (3, 4). The new method combines the
advantages of the two: it provides the high-resolution charac-
teristic of stray field methods through the depth of the layer,
while resolving the in-plane directions at a lower resolution.
Moreover it does this without the requirement of any sample
movement or rotation. This is achieved by using the static stray
field gradient in combination with switched, orthogonal gradi-
ents generated by appropriate current windings. This allows very
high spatial resolution in the direction of the static gradient, to-
gether with more modest resolution in the orthogonal directions.
The implementation described has been carried out using a high

field superconducting system coupled with a commercial mi-
croscopy gradient set. This was purely for pragmatic reasons:
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the equipment was available. In time we envisage transferring
the method to GARField and reaping the rewards of the much
improved static field profile. However, this requires instrumen-
tation development. The method is demonstrated both for 1H
density and for diffusion mapping in phantom samples.

RESULTS

(i) Sequence development. Figure 1a shows the basic pulse
and gradient sequence proposed for two- and three-dimensional
imaging in the stray field. The pulse sequence consists of two
broadband radiofrequency pulses separated by τ which yield a
narrow spin echo due to the large constant z gradient at time 2τ .
The flip angle and relative phases of the pulses were varied as dis-
cussed below. However, in all cases the two pulse lengths were
kept equal and the flip angles varied one to the other by varying
the pulse amplitudes. The echo frequency encodes spatial infor-
mation in the z direction across the resonant slice with an inten-
sity modulation dependent on the pulse phases and flip angles.
Only in the case of a sample sufficiently thin that the entire sam-
ple thickness is encompassed by the frequency bandwidth of the
pulse can the excitation be considered uniform across the slice.
Otherwise, the pulse selects a slice. Spatial information about
the orthogonal (x , y) directions is phase encoded using switched
x and y gradients applied in the first pulse interval. The equi-
valence of this sequence to well-known and established Fourier
imaging sequences (22) is obvious—the unusual aspect is the
use of the large static stray field gradient for both the frequency
encode and the slice selection. Data processing consists of two-
or three-dimensional Fourier transformation as appropriate.

One might prefer to use shaped radiofrequency pulses so as to
excite a rectangular slice. However, the high gradient in the stray
field means that soft, shaped pulses cannot excite a sufficiently

FIG. 1. Pulse and gradient sequence for (a) 3D FT STRAFI and
(b) diffusion-weighted 3D FT STRAFI imaging with pulsed gradients. Spa-

tial information about the x–y orthogonal directions is phase encoded using
pulsed gradients.
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thick slice for any practical application. Short shaped pulses have
been proposed for regular STRAFI (28) but accurate shaping of
extremely short pulses as required here is difficult. Hence we
use hard pulses.

A number of authors have examined the spatial variation
of magnetization and the modulation of echo amplitude for
the pulse sequences commonly used in STRAFI. Benson and
McDonald (14) considered the sequence αx –τ–(αy–τ–echo–
τ–)n , where αx/y is a radiofrequency pulse of flip angle α and
relative phase x or y and τ a short interval. They showed by
numerical analysis and experiment that a maximum signal is
obtained when α corresponds to approximately 120◦. They also
showed that the ratio of the first to second echo amplitudes is 2 to
3 when α = 90◦. The first echo is a direct Hahn echo while sub-
sequent echoes contain contributions from direct and stimulated
pathways at different locations across the slice. This sequence
can produce very long trains of echoes which can be coadded to
improve the signal-to-noise ratio of the data (29).

Later Bain and Randall (15) considered the sequence αx –τ–
(αx –τ–echo–τ–)n . This sequence does not produce the long echo
trains preferred for STRAFI, as the direct and stimulated contri-
butions to later echoes have varying phases that rapidly cancel
each other and destroy the observed magnetization. However, it
is found that the initial phase variation can be used to determine
the pulse flip angle. A series of 90◦ pulses cause the first echo
pair to be positive, the second negative, and so on. Most recently,
Blümich and co-workers (25) and Hürlimann (16) have carried
out extensive calculations of the combined effects of spin relax-
ation and diffusion on echo signals acquired using a variety of
common sequences in inhomogeneous fields. Hürlimann in par-
ticular has realized a more general formalism for the necessary
calculations.

In this work, we use only the first echo. Figure 2a shows re-
sults of numerical simulations. The Bloch equations have been

FIG. 2. Calculated magnetization slices as a function of pulse power ob-
tained from the FT of the echo, for (a) αx –τ–αy–τ–echo and (b) αx –τ–2αy–τ–
echo pulse sequence, applied in the presence of a strong z gradient. The pulse
length is 10 µs, τ is 64 µs, and the gradient is 28.7 T/m. Profiles are shown for

flip angles α from 30◦ (bottom profile) to 210◦ (top profile) in steps of 15◦. The
vertical scaling is halved in (2b) relative to (2a).
ET AL.

integrated for the case of the αx –τ–αy–τ–echo sequence ap-
plied in the presence of a strong z gradient. The magnetization
was evaluated as a function of space and time for the period
τ/2 to 3τ/2 following the second α pulse using the methodo-
logy described previously by Benson and McDonald (14). Sim-
ulated phase cycling (±y) of the second pulse was included
so as to eliminate the unwanted free induction decay which
this pulse generates. The magnetization was integrated over
all space and Fourier transformed with respect to time to yield
the magnetization profile for different values of α as shown in
the figure. The simulation assumed 1H NMR with parameters
τ = 64 µs, a pulse length of 10 µs, and a gradient strength
of 28.7 T/m.

The figure confirms how the maximum profile intensity occurs
for a flip angle of the order of 120◦. It also shows how, at higher
flip angles, there is a substantial contribution to the signal arising
from the lobes of the sinc function and how, by 180◦, the intensity
is zero at the center of the slice as expected. These results suggest
an alternate means by which the 180◦ pulse length can be set
in stray field imaging. One should seek the pulse flip angle for
which the center of the Fourier-transformed echo recorded from
a uniform sample is nulled. Figure 2b repeats the exercise for
the sequence αx –τ–2αy–τ–echo with similar parameters. This
sequence is clearly preferred for Fourier STRAFI as the profile
intensity is greater.

In addition to density mapping, applications to emulsion coat-
ings demand the use of restricted pulsed field gradient diffuso-
metry to characterize the coating droplet size and to observe any
oil-in-water to water-in-oil phase inversion. To that end, we pro-
pose a modified form of a relaxation-compensated stimulated
echo diffusion sequence for use in the stray field (30, 31). The
basic sequence along with the modification, which consists of
the spatial encoding gradients applied after the fourth radiofre-
quency pulse, is shown in Fig. 1b. In this sequence, the three 90◦

pulses constitute the well-known stimulated echo sequence rou-
tinely used for diffusion analysis. By keeping the intervals τ and
� constant, attenuation by T2 and T1 relaxation is constant. The
diffusive attenuation is partially refocused by the additional 180◦

pulse between the first two 90◦ pulses and again by the second
180◦ pulse ahead of the echo. The overall diffusion attenuation
is determined by the balance of the compensated diffusion in the
τ intervals and the uncompensated diffusion occurring during δ.
The diffusion coefficient is therefore evaluated from measure-
ments of the echo attenuation as a function of δ. A phase cycle
is required to remove contributions from other coherence path-
ways giving rise to extra unwanted echoes. The overall echo
amplitude, A, is given by (30)

A(τ, �, δ, G)

=
∫

e− 1
6 D(γ G)2[τ 3−3τ 2δ+3(τ+2(�−τ ))δ2+3δ3]e− 2τ

T2 e− (�−τ )
T1 dz. [1]
For the sequence to work well, one requires 6�δ2 ≥ τ 3, T2 ≥ 2τ ,



U
STRAY FIELD AND P

FIG. 3. Experimental magnetization slices of the central region of a cylin-
drical rubber phantom as a function of pulse amplitude, obtained from the FT of
the echo, for (a) αx –τ–αy–τ–echo and (b) αx –τ–2αy–τ–echo pulse sequence,
applied in the presence of a strong z gradient. The pulse length is 10 µs, τ is
64 µs, and the gradient is 28.7 T/m. The pulse power is varied to obtain profiles
directly comparable to the simulations shown in Figs. 2a and 2b, respectively.
The vertical scaling is halved in (3b) relative to (3a).

and T1 ≥ � as well as a sufficiently fast diffusion coefficient.
This requirement is not overly onerous.

In the modified sequence, the phase encoding gradients are
used to spatially encode the in-plane magnetization of the excited
slice. Fourier transformation with respect to the gradients yields
transverse diffusion-weighted maps.

(ii) Sequence testing. Experimental verification of the re-
sults of the numerical simulation of the basic frequency encod-
ing (profiling) sequence are presented in Figs. 3a and 3b. The
figures show experimental profiles recorded from a central re-
gion of a cylindrical rubber bung much longer than the excited
slice thickness. In producing Fig. 3a, the sequence used is αx –
τ–αy–τ–echo and in Fig. 3b, αx –τ–2αy–τ–echo. The profiles
were obtained using a pulse length of 10 µs and a pulse gap, τ , of
64 µs. The pulse amplitudes are varied. The data can therefore
be directly compared to Fig. 2. Good agreement is observed.

(iii) Density mapping. Initial imaging experiments were
conducted on a sample of blu-tac. Blu-tac is a commercial soft
polymer sold widely as an adhesive for fixing posters and paper
notes to walls and other surfaces. The 1H T2 of blu-tac measured
at 20 MHz using a CPMG sequence exhibits two components.
The shorter is 3.3 ms (61%) and the longer 24.4 ms (39%).
A small piece of the material was compressed into a PMMA
mould 25 µm deep and 7.5 mm in diameter. Both two- and
three-dimensional 1H density maps were recorded. Figures 4a
and 4b show central x–y and x–z image slices respectively ex-
tracted from one of the 3D data sets available, this one recorded
with the αx –τ–αy–τ–echo sequence. These particular images
were acquired using a pulse width of 2.2 µs, equivalent for
the pulse amplitude used to a flip angle of 56◦. The lower pulse
length was chosen in order to increase the slice bandwidth so that
it fully encompassed the sample. The pulse gap τ was 200 µs.

This is typical of values which we use for many coatings systems.
It is long enough to well resolve the blu-tac and to suppress the
LSED GRADIENTS 95

signal from the PMMA. We note that a component of the PMMA
is sufficiently mobile to be weakly seen in images recorded with
τ of just 80 µs. Echoes were recorded at a sampling rate of
800 kHz for an acquisition time of 80 µs. The z static field gra-
dient is 28.7 T/m. The x and y phase encoding gradients were
applied for 100 µs, and ranged between ±0.32 T/m in 32 steps;
256 averages were coadded and each 3D experiment took a total
of about 18 h to perform. The calculated pixel sizes are thus
5.1 µm in the z direction and 370 µm in the x–y directions.

The x–z image (Fig. 4b) shows that the sample is only mod-
erately well aligned orthogonal to the magnetic field. Accurate
alignment is extremely difficult to achieve in the bricollage ex-
perimental probe. The image also shows the layer to be a little
thicker than the expected 25 µm. It is, in fact, between 30 and
40 µm thick. This is due to the natural elasticity of blu-tac which
tends to restore the flattened disc to the spheroid from which it
was pressed.

The x–y slice (Fig. 4a) shows the phantom disc cutting the
plane extracted from the data set. This is to be expected given
the poor horizontal alignment of the sample relative to the field.
A projection of the entire image data set onto the x–y plane
reveals most of the full circle: it is slightly incomplete as the
experimental bandwidth is falling off rapidly at the extremes
(Fig. 4c). In order to alleviate this attenuation as much as possi-
ble, the projected planes have been weighted by the reciprocal

FIG. 4. 3D FT STRAFI imaging of a blu-tac phantom. (a) The central x–
y slice extracted from the 3D data set. The field of view is 11.8 × 11.8 mm.
(b) The central x–z slice. The region of interest shown is 11.8 × 0.176 mm.
(c) Projection of the sum of 28 central x–y slices (±71 µm from the center).

(d) Projection of the sum of the 28 central x–y slices weighted by the reciprocal
of the theoretical z-profile magnetization intensity.
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FIG. 5. Semilogarithmic plot of the echo attenuation A/A0, where A0

is the echo amplitude for δ = 0 for a water sample at room temperature,
measured with the sequence in Fig. 1b without phase encoding gradients.
X (δ) = (γ G)2(−3τ 2δ + 3(τ + 2(� − τ ))δ2 + 3δ3). The solid line represents
the best fit to the data and yields D = 2.24 × 10−9 m2 s−1.

of the expected z-profile intensity arising from calculations such
as those used to generate Fig. 2. This has been done in produc-
ing Fig. 4d, which is the sum of the weighted x–y image slices
between ±71 µm around the center. The limits have been set
so as to include only those planes encompassed by the pulse
bandwidth.

(iv) Diffusion mapping. Figure 5 shows the results of a sim-
ple measurement (not spatially resolved) from which the diffu-

sion coefficient of bulk water was obtained using the sequence obvious feature is the empty capillaries positioned around the

shown in Fig. 1b without phase encoding gradients. The calcu-

FIG. 6. (a) Region of interest (10 × 10 mm) of the central x–y slice of a 3D FT STRAFI 1H density data set of a decane-in-heavy water emulsion cream
containing four empty capillaries. The intensity is scaled by 0.4. (b) Region of interest of the central x–y slice extracted from a diffusion-weighted 3D FT STRAFI
data set of the decane-in-heavy water emulsion cream containing two capillaries filled with pure decane and two empty capillaries, recorded with δ = 20 µs and

edge of the cream layer. Subsequently, two of the capillaries
� = 2 ms, (c) δ = 40 µs and � = 2 ms, (d) δ = 20 µs and � = 128 ms, and (
calculate the average pixel intensity for the cream, 1, and for the pure decane in the
ET AL.

lated diffusion coefficient is 2.24 × 10−9 m2 s−1 in excellent
agreement with published values (32).

The diffusion-weighted imaging sequence was tested using an
oil-in-heavy water emulsion. The emulsion consisted of decane
(33.3 wt%) in a D2O solution (66.6 wt%) containing 1.0 wt%
Tween 80 surfactant. The emulsion was mixed using an Ultra
Turrax T8 (IKA Labortechnik, Germany) homogenizer for
90 min. The emulsion droplet size distribution was measured
using an optical microscope. Emulsion droplet sizes are gen-
erally well characterized by a lognormal distribution function.
However, for reasons to become apparent, we prefer to fit to a
Gaussian volume distribution function,

Pv(r ) = A

σ
√

2π
exp

(−(r − r0)2

2σ 2

)
, [2]

where r0 = 2.0 µm is the measured mean droplet radius and
σ = 0.5 is the standard deviation. The emulsion is thus very
similar to ones we have previously used and reported on else-
where (33).

For the imaging experiment, the emulsion was allowed to
cream and then four empty capillaries of internal diameter
0.9 mm and external diameter 1.7 mm were passed through
the cream layer. Density maps, an example of which is shown
in Fig. 6a, were collected across the cream and capillaries using
the sequence of Fig. 1a with τ = 120 µs and phase gradients
between ±0.96 T/m in 32 steps applied for 30 µs. The most
e) δ = 40 µs and � = 128 ms. (f) Schematic identifying the regions used to
filled capillaries, 2. All images are displayed using a common gray scale.
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were filled with pure decane and diffusion-weighted maps were
acquired with the sequence of Fig. 1b using τ = 200 µs with
δ = 20 and 40 µs for each of � = 2 and 128 ms. The phase
encoding gradients were applied for 30 µs in 16 steps between
±0.48 T/m and the data were zero-filled. The in-plane pixel
size is therefore 410 µm, comparable to the capillary dimen-
sions. Four central transverse slices are shown in Figs. 6b to 6e,
respectively.

The diffusion-weighted image acquired with δ = 20 µs and
� = 2 ms (Fig. 6b) is very similar in appearance to the density
map except that two of the capillaries are now filled. The signal-
to-noise ratio of the image data is considerably worse than that
in Fig. 6a. This can be attributed to three causes. First, there
is more diffusion attenuation in Fig. 6b. Second, the stimulated
echo sequence only stores and encodes half of the magnetization.
Third, Fig. 6a was recorded with the preferredα–τ–2α sequence.

Across the total diameter of the filled capillaries, taking ac-
count of the wall thickness, the filling factor is (0.9/1.7)2 =
0.28. The filling factor for the droplets in the cream layer is in
excess of 0.64, the value expected for close-packed spheres of
equal size (34). Hence one expects the average image intensity in
the cream to exceed that in the capillaries by a factor approach-
ing 2.5. The average single pixel intensity for an extended and
representative region of the cream (defined by region 1 in Fig. 6f)
has been measured and found to be approximately 1.5 times that
in the vicinity of the filled capillaries. Given the approximation
used in locating the capillaries, this is a reasonable result.

The image data of Fig. 6b can be used in conjunction with that
acquired with δ = 40 µs and � = 2 ms, Fig. 6c, to estimate the
diffusion coefficient for the decane in the filled capillaries and
for the decane in the cream. Using the same pixel averaging as
before, we calculate the former to be 1.44×10−9 m2 s−1 and the
latter to be 1.49×10−9 m2 s−1. The two values are very similar,
indicative of decane not experiencing restricted diffusion. For
comparison, a typical literature value for the diffusion coefficient
of decane is 1.38 × 10−9 m2 s−1 (35).

The image data shown in Fig. 6d was acquired with δ = 20 µs
and � = 128 ms. They reveal the effects of restricted diffusion
in the cream. The intensity in the filled capillaries is very much
less than in the cream. Indeed, in the capillaries, the image in-
tensity is close to background and it is hard to make reliable
quantitative measurements. In contrast the signal intensity in
the cream remains about 0.67 that in the comparable image with
� = 2 ms.

The last image, Fig. 6e, was acquired with δ = 40 µs and
� = 128 ms. The ratio of the signal intensity in the cream region
of the two images acquired with � = 128 ms is 0.46. Tanner and
Stejskal (36) considered a standard pulsed field gradient stim-
ulated echo sequence without the 180◦ refocusing pulses. They
calculated the echo attenuation in the long time limit (� → ∞)
arising from restricted diffusion in a field gradient for the case
of spherical drops. Subsequently, Callaghan et al. (37) showed

that their result could be approximated by a Gaussian function
and analytically integrated over a Gaussian volume distribution
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of droplet sizes. The result is

A = A0
1√

1 + 2σ 2 β2
exp

(
− β2r2

0

1 + 2σ 2 β2

)
, [3]

with β2 = γ 2G2δ2/5, r0 the mean droplet radius, and σ the stan-
dard deviation. If the assumption is made that the sequence ac-
tually used (Fig. 1b) is comparable insomuch as it consists of
two gradient pulses of duration δ separated by (� − τ ), then
the expected ratio of the cream intensities based on the optical
measurements of the droplet size distribution is 0.5. Given the
approximations used in deriving Eq. [3] and the even greater
approximations in applying it to the current circumstance this
represents good agreement with the measured value of 0.46 and
strongly suggests that we are observing the effects of restricted
diffusion in the maps obtained in the stray field. We believe that
this is the first time that any such spatially resolved stray field
measurement has been made.

(v) Image distortion. One question to be addressed about
imaging in the stray field concerns distortions due to the curva-
ture of the stray field. There are two, related, problems. First,
the z component of the magnetic field, B, at a given z coordi-
nate beneath the magnet varies radially. Second, the direction
of the magnetic field deviates away from the z direction at in-
creasing radius, r . As a result, the excited slice is not planar, but
rather concave or convex in shape and the direction about which
the magnetization precesses varies. This causes distortion of the
image primarily in the z (frequency-encoded) direction.

In order to assess the significance of these effects on the data
shown, we have transformed the data according to our best esti-
mates of the true field profile. The shift, δz, in the z direction is
given by

δz(r ′, z′) = B(0, z′) − B(r ′, z′)
∂ B
∂z

∣∣
z′,r ′

, [4]

where B(r ′, z′) is the field magnitude at location (r ′, z′).
The pixel intensity, I , is correspondingly scaled according to

I = I0

(
1 + d(δz)

dz

)
. [5]

The transformation assumes that the phase encoding gradients
are linear and that the phase gradients do not significantly further
distort the main field profile.

Field data plots were obtained from the manufacturers of the
magnet and, in the area of the slice of interest, were fitted to the
far field pattern of a magnetic dipole. This fitting was surpris-
ingly good over the limited spatial range in question. This infor-
mation was used to transform the image data shown in Fig. 4b.

The result is shown in Fig. 7. The transformation has clearly
improved the image. Initial curvature has been removed and the
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FIG. 7. The central x–z slice shown in Fig. 4b transformed using Eqs. [4]
and [5]. The white line indicates the field curvature in the (not transformed)
image plane.

image is nearer the expected “regular” shape. Correction for the
pulse bandwidth comparable to that used in Fig. 4d has also been
included. If anything, the transformation has overcorrected the
curvature and reversed it. This is likely due to the limitations of
the field profile data. Small, weakly magnetic parts around the
magnet gently distort the field in an unspecified manner.

CONCLUSIONS

This paper has introduced three-dimensional STRAFI without
sample movement, and presented an appropriate pulse sequence
for this purpose. Pixel resolution in the z direction of the order of
5 µm is obtained. The resolution in the radial direction is much
less, but still useful for “gently curving” planar samples.

The method should thus prove useful in measurements of, for
instance, film formation from dispersions where high resolution
is required through the film depth coupled with more modest
resolution in plane. The technique will also be useful for stud-
ies of solvent ingress into polymer surfaces and layers, where
swelling is rarely one-dimensional as commonly assumed. Al-
though slow in comparison to the one-dimensional experiment,
the method can be used at the end of a time course study to
assess curvature.

The main difficulty associated with the method is the narrow
excitation bandwidth. However, it should be possible to image
a larger sample by sweeping the transmitter frequency, in much
the same way as Mallett et al. (38). As before, slice interleaving
will save relaxation delays and not unduly increase the total
experimental time.

EXPERIMENTAL

Experiments were performed in the fringe field gradient
of a 9.4-T Magnex (UK) superconducting magnet. The ex-

act position corresponded to a 1H resonance frequency of
99.85 MHz (equivalent to 13C at magnet isocenter) and was
ET AL.

located 302 mm below the isocenter. At this position, the nom-
inal field gradient in the vertical (z) direction of the magnet is
2.870 T/m. The position and gradient were identified from a
magnetic field plot supplied by Magnex. A Resonance Research
(U.S.A.) 3D microimaging gradient set was lowered on lengths
of brass studding so as to be centered at this position. A Reso-
nance Research shim gradient set was held in its usual place in
the magnet bore to support the gradients but performed no addi-
tional useful purpose. The NMR probe was a double-resonance
400/100 imaging probe supplied by Frauenhoefer Institute, Ger-
many, containing a saddle coil. The probe is otherwise routinely
used for 13C/1H cross-polarization experiments and has excellent
RF homogeneity over the sample volume. NMR pulse sequences
were run using a Chemagnetics Infinity-VME console (U.S.A.).
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