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ABSTRACT

As Magnetic Resonance Imaging devices are becoming more and more powerful, resolutions as small as
10 pm can now be obtained. But, this is only possible when systems with slow transverse relaxation
rates, like living tissues, are investigated. In this case, the time available for gradients space-encoding
is long, and high k values can be reached in the Fourier domain. However, numerous materials have fast
relaxation rates, thus limiting the spatial resolution to a few hundreds of microns. The Stray Field Imaging
technique has solved this problem by using a very high (typically 5000 G/cm) static gradient. Conse-
quently, the trajectory in k space is accelerated and it is possible, in principle, to reach a micrometer res-
olution in a few hundreds of microseconds. Most of the time, however, only resolutions in the millimeter
range can be achieved due to mispositioning of the sample within the static magnetic field. Here, we
show that by finely mapping the magnetic field and precisely positioning the sample, it is possible with
a standard spectrometer to reach a micrometer resolution even on very fast relaxing materials.

1. Introduction

Magnetic Resonance Imaging (MRI) [1,2] is now used world-
wide as a routine medical diagnostics tool. The attractiveness of
this method is the use of three dimensional pulsed field gradients
in order to scan k-space. After multi-dimensional Fourier transfor-
mation, three dimensional images are obtained with a typical res-
olution of 100 pm, and even in the range of 10 pm in the most
favorable cases [3]. Although this technique is very efficient in pro-
viding images of soft materials like living tissues [4], the use of
pulse field gradients is less suitable in materials science. Indeed,
solid materials are often characterized by short T,’s and can have
strong internal field gradients. This makes the imaging process
far more difficult.

The Stray Field Imaging (STRAFI) method originally proposed
by Samoilenko [5] circumvents some of the limitations of conven-
tional MRI by using the high static magnetic field gradients sur-
rounding conventional super-conducting NMR or MRI magnets.
These stable stray field gradients are sufficient to overcome the
broad linewidths of solid materials and reliable 1D images of hard
matter can be obtained by profiling the sample. The static gradi-
ents are much higher (typically 50 T/m =5000 G/cm) than the
ones which can be commonly reached in a pulsed mode. STRAFI
has typically allowed planar samples to be profiled with a resolu-
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tion from a millimeter [6] to a few hundreds micrometers [7],
even in materials with very short Ty’s. In particular, this method
has been used to study protons in solid matter such as ice [8],
resins [6] and polyacrylates [9] as well as in the interstitial phase
of porous materials like cements [10,11] or ceramics [12]. More-
over, as in MRI, the gradient can be also used to encode the dis-
placement of spins and measure diffusion coefficients [13,14].

The resolution of STRAFI profiling is limited by the fact that
the stray field gradient is not constant over the volume of interest
and, obviously, neither its direction nor its intensity can be cor-
rected since the field is static. Therefore, the excited volume is of-
ten curved, and, in practice, the resolution is only in the
millimeter range despite the nominal strength of the gradient.
Previous studies have relied on the rough field plots provided
by manufacturers of commercial magnets to optimize the resolu-
tion [5,15-17] but still, high resolution remains difficult to
achieve in this manner. Here, we show that by mapping finely
the magnetic field, it is possible to find a region where the curva-
ture of the field is low enough to reach micron resolution on sam-
ples as wide as a few centimeters. Furthermore, in this region the
gradient strength remains high enough for STRAFI studies of
materials with short relaxation times.

2. Theory

In this section, the principle of the STRAFI experiment is pre-
sented. The equations which allow to evidence and to precisely lo-
cate the STRAFI plane are numerically solved.
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2.1. Principle of the STRAFI experiment

The STRAFI principle is fully described by McDonald [18-20], so
only a brief outlines is needed here. In a STRAFI experiment, the
sample is placed in the fringe or stray field Hg of gradient G sur-
rounding the central homogeneous region of a large superconduc-
ting magnet, spreading the Larmor frequencies w of the sample’s
protons according to their positions 7 following the well-known
equation of MRI

wF =y | Ho(T) |= G - T+ o 1)

Then, a selective radio-frequency pulse of frequency wo/27 and
finite length ¢, is applied. It excites only the nuclear spins within
the isofield slice defined by the above equation, with a thickness
As determined by the bandwidth according to (for a square pulse)

Ao 2-mt,
RETeiTe (2)

The recorded signal is directly proportional to the number of
spins inside the selected slice. Afterwards, the sample is mechani-
cally moved perpendicularly to the slice by a stepper motor, and
the process is repeated to complete a one-dimensional profile.
Actually, because the profile is performed along a single axis, the
resolution is not limited by the bandwidth of the pulse but mainly
by the curvature of the selected slice. As a consequence, the ideal
slice must be planar. In what follows, this planar slice is called
the STRAFI plane.

As

2.2. Existence of a STRAFI plane

The existence of a flat slice region is not immediately obvious
but can be grasped as follow. Near the axis of the magnet coil,
the lines of constant field are concave close to the magnet whereas,
they are convex further away (Fig. 1B). By continuity, and because
of the cylindrical symmetry of the field, an intermediate region
must exist where the constant field lines are planar. This region
can be precisely located by numerical simulations when the mag-
netic field is well known [21]. In what follows, a single loop of ra-
dius a travelled by a current I is first considered as a relevant
example. Because of the cylindrical geometry, the magnetic induc-
tion can be decomposed in its axial and radial components of H,
and Hp:

2 2 2
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where [, and [, are Legendre elliptic integrals of the first and second
kind of modulus k:
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Fig. 2 shows the numerical computation of the lines of constant
field generated by a loop of radius a perpendicular to the z direc-
tion. In this figure, one can easily see that, at a distance about
z/a = 0.6 from the center of the coil, the curvature of the constant
field lines change sign. This means that near this position, the lines
of constant field are flat and perpendicular to the z axis.

Beyond this simple example and in the general case, the posi-
tion where this change of curvature takes place can be approached
analytically through an expansion of the magnetic field around the
z axis. The magnetic induction obeys the following Maxwell
equation:

rot H=0 (6)

Therefore, the magnetic induction can be derived from a scalar
potential V*. Close to the z axis, this potential can be developed as a
Taylor series near p = 0. Considering the cylindrical geometry and
Eq. (6), one can show that [21]:
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Fig. 1. (A) Sketch of the STRAFI experiment. (B) Sketch of the constant field lines at the onset of the magnet coil above and below the STRAFI plane.



AsH=— grzld V*, the axial and radial components H, and H, of the
magnetic induction can be easily obtained:
p* °H(0,2)  p* d*H(0,2)
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where H(p, z) is the modulus of the field. Note that by symmetry,
H,(0,z) =0 and thus H(0, z) = H, (0, z).

At this point, one should keep in mind that in NMR, spins are
sensitive to the modulus of the magnetic field which makes them
rotate at the Larmor frequency. Thus, to get a planar selected slice,
the radial variation of the modulus of the field must be zero. It is
often claimed that the highest resolution is obtained at the inflec-
tion point of the modulus of the magnetic field, namely at the po-
sition Zipfexion Where

H/’(pvz) =

dzﬂ(ov Zinﬂexion)
dz*

Egs. (8) and (9) show this is not strictly true. Certainly, at this
point, the z component of the field is radially constant up to fourth
order. However, at the inflection point, the absolute value of the
first derivative is not only non zero but even at its maximum. Thus,
one must consider instead the development of the square modulus
of the induction:

=0 (10)
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To obtain the highest possible resolution on a large sample (p as
large as possible), the second order term has to be zero. So, rather
than trying to fulfill (10), one should look instead for the position
Zo, defined as the solution of the differential equation:

1 d’H(0,2)) | 1 (dH(0,20)\* _
*jﬂ(o,lo) 07 +Z< ) =0 (12)

dz

where H(0,z) is a function of the magnet geometry. This position
can be easily identified for simple geometries where this function
H(0, z), that is the induction on the z axis, is well known. In our
illustrative case of the simple loop, the induction on the loop axis
is:

2
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In that case, the solution to Eq. (12) is

Zo :@a ~ 0.632aq, (14)

which is significantly different from the location of the inflexion
point:

1
Zinflexion = ja = 0.5a. (15)

Yet, for a single loop, the gradient at z is still 95% of its maximum
value located at the inflexion point. This means that by positioning
the sample at zg instead of at the inflexion point, it is still possible to
benefit from a large gradient but with a much better resolution.

This last result was obtained analytically for the particular case
of a single loop. However, to derive Eq. (12), no particular con-
straint was put on the geometry of the superconducting coil except
the assumption of a cylindrical symmetry. Consequently, this
equation stands even for more complex geometries like the ones
of NMR or MRI superconducting magnets. It is thus concluded that
the optimum position for a STRAFI experiment is not the inflexion
point. Another important conclusion is that, to determine the posi-
tion of the STRAFI plane, the sole requirement is the knowledge of
the modulus of the magnetic field along the main axis of the mag-
net. This knowledge can be easily obtained experimentally by
moving a sample along the z axis and measuring its NMR Larmor
frequency.

3. Experimental

In a STRAFI experiment, the coil has to fulfill several conditions
to allow high resolution profiling of materials within reasonable
times. First, it has to be located as close as possible to the excited
slice which is often very thin. Second, it has to be compatible with
the cylindrical geometry. Finally, it should also withstand the
power associated with the use of very short pulse lengths. Keeping
in mind these constraints, a custom-made double saddle coil was
built based on the calculations of Javelot’s thesis [22] and circuits
designed by Mispelter [23]. This coil has a diameter of 25 mm
and a height of 15 mm.

Concerning the sample, it is placed at the top of a rod which trans-
mits the motion from the stepper motor. In this particular design, the
sample can be moved independently from the coil which is fixed at
the STRAFI plane location. This fixed-coil design was chosen to in-
sure that the sensitive layer is always excited in the same way. The
custom-made probe of this study is depicted in Fig. 3.

A Carr Purcell Meiboom Gill (CPMG) sequence was used in all
experiments because it can be used in a strong gradient [24-26].
Unless stated otherwise, the pulse length was 6 ps and, depending
on the T,, between ten and a few hundred echoes were acquired
and summed. The time between the two first pulses was 20 ps.
As a result, the echo time was 49 pis.

The superconducting magnet we used is the wide bore 7 T mag-
net of a Bruker Avance III spectrometer. A custom-written Lab-
view® program controlled the Bruker spectrometer to allow real-
time processing of the data and to insure synchronization of the
NMR acquisition with the motion.

4. Results and discussion
4.1. Mapping of the axial component of the field

The magnetic induction along the z axis was mapped by moving
a 2 mm? piece of rubber along this axis and recording the reso-
nance frequency of the rubber protons at various z values. Accord-
ing to the conclusion of the theoretical section above, the
differential Eq. (12) must be solved to determine where in the stray
field the resolution is the highest. For this purpose, the experimen-
tal values of the dependence of the modulus of the magnetic induc-
tion with the axial position must be reduced to a functional form.
The exact geometry of a given superconducting magnet is gener-
ally not known by its users. Still, it is reasonable to approximate
its magnetic induction by the one delivered by a simple solenoid
magnetic induction. Accordingly the magnetic induction can be
modeled by the following form [21]:



Fig. 3. Picture of our home-made STRAFI probe. The coil is made of copper strips
sticked to a glass tube which crosses the whole probe. Thus, the sample positioned
on top of a rod can move freely inside the glass tube whereas the probe is fixed
against the superconducting magnet.

Hmz):lf N-p/2+z N-p/2-z
| esNp2rz? e+ (N-p2-2)

Again, usually, the parameters I (the current), p (the path of the
helix defining the solenoid), a (its radius) and N (the number of
loops) are not known. Furthermore, it must be understood that,
the exact geometry of the superconducting magnet might not be
a simple solenoid and that these parameters represent effective
physical quantities. They have to be obtained by fitting this func-
tional form to the experimental values. Then, the solution to Eq.
(12) for this function effectively describing the induction was
searched numerically. For the magnet of the present study, the
STRAFI plane was found at 24.4 cm from the center of the magnet
(see Fig. 4). The corresponding field strength and gradients at the
STRAFI position were 2.97 T and 50.4 T/m respectively (to be com-
pared to 3.7 T and 53.6 T/m at the inflexion point which was lo-
cated at 23.0cm). Accordingly, the STRAFI plane had to be
searched near 24 cm from the center of the magnet.

(16)

4.2. Mapping of the radial component of the field

Starting from the approximate position of the STRAFI plane ob-
tained as explained above, the radial component of the magnetic

H(0,2) [T]

0 16 26 SE) 40
distance from the center [cm]

Fig. 4. Amplitude of the axial component of the magnetic induction of the
superconducting magnet (points) used in this study and fit with a solenoid model
(line) according to Eq. (16) (the fitting coefficients are I/2p = 3.7556 A/m, a = 0.0698
m et N.p/2=0.2298 m). The square represents the inflexion point and the left
pointing triangle the theoretical position of the STRAFI plane of the solenoid model.

field was mapped by moving a thin sample in the radial direction
and recording its change in frequency. The sample used was a
2 mm wide spot of beauty cream between two glass slides. The
interest of this beauty cream is that the wetting properties of the
glass by this emulsion results in the spontaneous formation of a
film with a definite thickness of 10 um over an extension of a
few millimeters. The probe custom-made for the present study al-
lowed the excitation of slices as thin as 100 pm when necessary
(pulse length of 5 us in a gradient of about 50 T/m).

Fig. 5 shows the result of the radial mapping of the field at var-
ious z positions around 24 cm from the center in the superconduc-
ting magnet. For each frequency, the thin sample was first centered
within the magnet. Then, it was radially moved and its frequency
change recorded. Note that with this method, the curvature is in-
verted against the sketch of Fig. 1B where the lines of constant field
are represented. The position where the curvature is zero was lo-
cated at 137 MHz which corresponds to a magnetic field of
3.20T. There, the gradient was 47 T/m (2.01 kHz pm™!). It is
remarkable that this position was only 5 mm higher than the
approximate position predicted by simply measuring the magnetic
field along the z axis as exposed in the previous section.
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Fig. 5. Radial mapping of the magnetic field at various heights in the magnet. The
figure is the plot of the frequency shift from a given base frequency (axial position)
resulting from an off centered lateral motion. The acquisition protocol is described
in Section 4.1.



Even if the frequency where the isofields are planar is now
determined, the curves were still tilted due to a misalignment of
the STRAFI plane with respect to the one within which the sample
was moved.

4.3. Alignment of the sample

One of the key points of the STRAFI experiment concerns the
resolution that can be obtained on a wide sample. Consequently,
the next step to reach the ideal configuration depicted in Fig. 1 is
to correct the tilt between the sample holder and the STRAFI plane.
The working frequency is the one determined in the above Section
4.2 to minimize the curvature of the field, namely 137 MHz. The
method used to adjust the sample holder tilt is the following. A
“spot” of cream (2 mm diameter and 10 pm of thickness) is placed
off-center on a rotational stage with an axis roughly perpendicular
to the STRAFI plane. The spot is then brought within the STRAFI
plane using a vertical stage. The signal of the spot is obtained with
an 8 us pulse duration which corresponds to an excited slice of
60 pm. It has been seen previously that changing the z position
of the spot inside the STRAFI plane induces a change of its reso-
nance frequency. The frequency shift (in the kiloHertz range) as a
function of the angle described by the rotational stage is recorded
(Fig. 6). If there were no tilt between the plane of rotation of the
sample and the STRAFI plane, the rotation would induce no z posi-
tion variation of the spot and thus no frequency shift. The vertical
stage axis was thus tilted to minimize the frequency dependence
upon rotation of the sample. Proceeding iteratively, one should ide-
ally reach a situation where the STRAFI plane fixed by the position
of the superconducting magnet is aligned with the sample plane.

On Fig. 6, the frequency dependence of the spot moving on a cir-
cle of 2 cm is 15 kHz. The value of the gradient whose magnitude is
2.01 kHz.um™! yields a resolution of 4.25 um on a 1 cm wide sam-
ple. This resolution constitutes probably a limit beyond which
other experimental complications arise, such as the thermal
expansion of the sample holder.

4.4, Resolution test

The phantoms used to test the resolution on actual samples
were made of cream films pressed between glass plates. The inter-
esting feature of these test samples is that the planarity of the glass
plates is well below micrometric specifications. Furthermore, the
thickness of the cream films is remarkably constant and reproduc-
ible as it is fully determined by its glass wetting properties, regard-
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Fig. 6. Frequency shift (kHz) of an off-centered cream “spot” (1 mm diameter,
10 pm thickness) versus the position of the sample holder (see Section 4.3). The
position of the spot is 1 cm from the center. The tilt angle between the STRAFI plane
and the sample plane is 8 x 10~% rad.

less of variations in the preparation procedure. The lateral
extension of the films can be varied at will by controlling the
amount of cream deposited between the glass plates. With this
configuration, it is possible to check the resolution on a centime-
ter-wide sample. Fig. 7A displays the profile of a multilayer sample
made with three 1 cm diameter glass plates. A first off-centered
cream “spot” layer (3 mm diameter) was pressed between the
two first plates and a second 1 cm wide cream layer was pressed
between the second and the third plate (Fig. 7B). The first peak cor-
responded to the wide layer. The intensities were not equal as they
reflect the different volumes of the intersection of the STRAFI plane
with the successive layers of the sample, and thus depended on the
diameter of the two layers (1 cm versus 3 mm). To acquire the pro-
file, the z-axis motor was moved step by step in increments of
5 um. Taking into account the magnitude of the gradient (50.4 T/
m), the square pulse of duration 100 ps excited a 5 pm thick slice
(Eq. (2)). The two layers are separated by a distance of 150 pm cor-
responding to the thickness of the intermediate glass plate. The
thickness of each cream layer is 10 pm.

It must be recognized that profiling with a step-by-step motion
has the definite advantage of allowing to profile a sample not only
with very small steps but also over a large course (a few cm). As an
illustration, the profile of a sample made of as many as seven layers
of cream films separated by 150 pm thick glass slides was recorded
(Fig. 8A). It was done step by step with steps size of 10 um and over
a range of 3 mm. Fig. 8B displays a more precise profile of part of
the multilayer sandwich at the position 21.18 mm, which was
obtained with a finer step size of 5 um and a pulse duration of
100 ps. It is thus shown that it is indeed possible to obtain a com-
plete profile on a large scale while maintaining, when needed, a
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Fig. 7. (A) Step-by-step (5 pm step) profile of a bilayer phantom two cream films
separated by a 150 um glass slide. (B) Sketch not to scale of the bilayer phantom
profiled in (A). The first film is 1 cm wide. Experimental details are given in
Section 4.4. The total acquisition time is 45 minutes.
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Fig. 8. (A) Step-by-step profile of a thin film cream multilayer. Each 1 cm wide film
is separated by a glass slide of 150 um thickness. The step is 10 pm (B) Step-by-step
profile of the film of the 7th peak of the (A) multilayer. The step size is 5 pum.
Experimental details are given in Section 4.4.

resolution of 5 pum. Let us emphasize that the amplitude variations
were not artifacts but reflected the actual lateral extensions of the
films. The amount of cream in each layer can be appreciated by
measuring their weights. As it turned out, for each peak, the inte-
grated intensities correlated well with the weight of the corre-
sponding layers.

In the step-by-step profiling experiments, the best resolution
was obtained by excitation of a 5 um thick slice with pulses of
duration 100 ps. Taking into account the inter-pulse delay of
100 ps, the echo time was thus 350 ps. Such long pulses and echo
time are clearly not compatible with the measurement of fast
relaxing materials with Ty’s typically below 100 ps. In that case,
to achieve the same 5 pum resolution, STRAFI profiling must be
combined with Fourier Imaging [27]. Then, the fast relaxing species
are excited using short pulses duration and short inter-pulse de-
lays (4 and 10 ps, respectively, in the present case). The echo time
is thus reduced to less than 30 ps. Subsequently, the spatial decod-
ing is obtained, not by moving the sample as previously, but by
Fourier transformation of the echo. As a consequence, the spatial
resolution is now proportional to the spectral resolution. Here,
with a gradient of 2.01 kHz/pm, the 5 pm resolution corresponded
to a separation of 10 kHz, a value which can be resolved with T5’s
as low as 70 ps. Consequently, in principle, combining Fourier
imaging to STRAFI is potentially useful for materials profiling as
it allows maintaining the same resolution on samples while signif-
icantly shortening the observable T,'s.

To check that the resolution obtained by Fourier Imaging is in-
deed similar to the one obtained by step-by-step motion, the cor-
responding experiment was performed on the same type of bilayer
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Fig. 9. Fourier transform of the echo obtained on a bilayer made of two thin films
separated by a thin spacer of 20 um. The pulse length was of 4 pis (see Section 4.4
for experimental details).

cream sample. Again, in this experiment, the sample was kept at a
fixed position in the STRAFI plane, in contrast to all previous results
obtained by moving the object with a stepper motor. The limitation
of the observation window of the Fourier transform profile arises
from the intensity of the gradient. With a gradient magnitude of
2.01 kHz.pum™!, a hard pulse of 4 ps excites a slice of 125 pm. This
allows the observation of a bilayer made of two thin films sepa-
rated by a thin spacer of 20 um. A Zero-filling to 1024 points fol-
lowed by a Fourier transformation provided the profile of Fig. 9.
Compared to the other plots, the profile appears smoother, which
is an effect of the zero-filling. Then, it is easier to deduce the reso-
lution from the derivative of the curve. A width of 10 kHz was ob-
tained in the derivative of the profile, corresponding to a resolution
of 5 pum. It is thus verified that the same resolution can be ob-
tained, either with soft pulses and step-by step sample motion,
or by hard pulses and Fourier Imaging.

5. Conclusion

Up to now, STRAFI experiments have succeeded in profiling
samples but without achieving the micrometer resolution ex-
pected of a gradient in the range of 50 T/m, probably because of
ill-positioning and misalignment of the sample in the fringe field.
In this study, the STRAFI plane was precisely located relatively to
the inflexion point of the field and it was established that both
do not coincide. A major criterion for a useful profiling tool is to
be able to obtain a good axial resolution on samples with a large
lateral extension. In this regard, by accurately mapping the field
magnitude around the magnet axis, we have shown that it was
possible to profile a sample with a typical size of 1 cm (width
and height) with a resolution as good as 5 pum. This geometry ap-
pears particularly adapted to the study of multilayered materials
or for the study of transport phenomena at liquid/solid of liquid/
gas interfaces. Furthermore, in principle, when combined with
Fourier Imaging, the STRAFI method can achieve the same microm-
eter-scale resolution on fast relaxing solid materials. This last point
will be the object of a forthcoming communication [28].
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