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Abstract

The pulsed field gradient nuclear magnetic resonance (PFG NMR) method has proved to be a powerful non-invasive technique
to measure molecular displacement in various systems. It has been largely implemented with conventional NMR magnets where the
volume for housing the flow setup is restricted. In this work we present the first approach to measure velocity distributions ex situ
implementing a pulsed field gradient sequence on a single-sided NMR sensor. The open geometry of these sensors provides access to
NMR measurements of a large number of applications previously excluded by the geometry of conventional closed magnets. Both,
the distortions to the displacement encoding observed when implementing a PFG sequence in the presence of strongly inhomoge-
neous By and B fields, and the performance of the modifications proposed to eliminate these distortions are shown by means of
numerical simulations. An alternating stimulated spin-echo PFG sequence implemented to remotely measure velocity distributions
was combined with a multi-echo acquisition scheme to significantly increase the sensitivity of the method. The technique was imple-
mented to measure the velocity propagator in a fluid undergoing laminar flow and good agreement with the theoretical result is

observed.
© 2004 Elsevier Inc. All rights reserved.
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1. Introduction

Pulsed-field-gradient nuclear magnetic resonance
(PFG NMR) has proved to be a powerful tool to char-
acterize molecular motion non-invasively [1,2]. The
method is suited to study displacement in a wide range
of time and length scales. For opaque materials, for
which optical methods are excluded, there are few
experimental methods able to determine molecular dis-
placements in any detail. PFG NMR offers a number
of advantages compared to other techniques [3], and
has been widely used in biology, medicine, and mate-
rial science. It has enabled, for example, the measure-
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ment of vascular flow in stems and petioles at
various stages of plant development, as well as vascular
blood flow at various stages in the cardiac cycle. Also
numerous applications in porous media such as natural
sandstones have helped to elucidate models that
describe the transport of fluids within the porous struc-
ture [4]. Combined with high-resolution imaging meth-
ods, it is a unique experimental method to check
numerical solutions to the Navier—Stokes equation for
Newtonian liquids, or to validate constitutive equations
used to describe the complex rheological behavior of
non-Newtonian fluids [5,6]. In contrast to other meth-
ods it is not distorted by the vicinity of walls offering,
for example, the possibility to study effects such as the
wall slip observed in the velocity shear of polymer
melts and solutions [7].
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A number of PFG sequences has been implemented
and tested in the homogeneous field of conventional
superconducting and electro magnets. These magnets of-
fer limited space to fit the flow setup, restricting the
application field of this technique. During the last years
the interest has grown to develop open sensors for ex
situ experiments [8-12]. These sensors select a volume
inside objects of arbitrary size where the NMR measure-
ment is performed. The versatility of such a device gives
NMR access to a large number of applications excluded
up to now by the closed geometries of conventional
magnets. Different tool geometries have been designed
and optimized for application in material analysis and
quality control [9,10], well logging [11,12], water reser-
voir studies [13], moisture detection in composites [14],
and medical diagnostics [15,16]. Sample characterization
for these applications has been carried out mainly by
measuring relaxation times, but the arsenal of new
methods implemented on these sensors is growing, so
that for example, diffusion-relaxation correlation maps
[17] and even 3D images can be obtained [18].

Several problems appear when implementing a PFG
sequence in the extremely inhomogeneous fields of these
sensors. First, depending on the sequence the strong sta-
tic gradient G, of the main field (of the order of some
Teslas per meter) can introduce significant signal atten-
uation due to molecular self-diffusion. Second, the pres-
ence of such a gradient gives rise to large resonance
offsets, which in addition to the inhomogeneities of the
rf field, define a flip angle distribution in the sample.
This inefficiency to apply uniform plane rotations intro-
duces severe distortions in velocity measurements.
Third, the low field (~10 MHz) and the broadband sig-
nal inherent to these sensors lead to low sensitivity that
extends the experimental times to unviable limits.

In this work a modification to the PFG stimulated
spin echo (STE) of Tanner [19], the so-called 13-interval
sequence proposed by Cotts [20], was implemented to re-
duce the signal loss due to diffusion in the presence of
the background gradient. In the next section the evolu-
tion of the magnetization during this sequence is studied
in detail by means of numerical simulations, and a prop-
er phase cycle to remove distortions coming from the flip
angle distribution is described. Finally, to improve the
signal-to-noise ratio a novel multi-echo acquisition
scheme was implemented. Adding the echoes generated
in the train a reduction in the experimental time up to
two orders of magnitude was achieved.

The experiments were performed on a single-sided sen-
sor equipped with both an optimized U-shaped magnet
and a suitable gradient coil system described elsewhere
[18]. To illustrate the performance of the technique, the
velocity distribution of water undergoing laminar flow
in a rectangular pipe was measured. The comparison with
the theoretical propagator calculated for this geometry
shows excellent agreement with the experimental results.

2. Method
2.1. PFG-STE in homogeneous By and B fields

PFG methods measure coherent and diffusive dis-
placement by means of spin echoes (SE) [21] and stimu-
lated echoes [19] formed in the presence of pulsed field
gradients. In systems where 7, is much shorter than
T, the PFG-STE sequence of Tanner has been demon-
strated to be better suited than the conventional PFG-
SE sequence. PFG-STE enhances the length of the
evolution interval between the encoding and decoding
gradient pulses (Fig. 1A) by storing the phase informa-
tion in the longitudinal magnetization. In this way the
relaxation rate during 4 is given by 7} and not by 7,
as in the SE sequence.

Fig. 1A shows Tanner’s sequence, where a pair of
gradient pulses of length ¢ introduces phases ¢; and ¢¢
proportional to the initial and final positions r; and r¢
[19]. The first gradient pulse completely spreads the
magnetization in the transverse plane. When the second
rf pulse is applied only half of the transverse magnetiza-
tion is stored in the longitudinal direction, whereas the
other half remains on the plane and is destroyed by
homo-spoil gradients. Usually this is considered to be
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Fig. 1. (A) Stimulated spin-echo PFG sequence to measure displace-
ment during the free evolution period 4. (B) 13-interval PFG-STE
sequence (encoding period) used to cancel the effect of the strong static
gradient generated by the open magnet geometry. Refocusing 260 pulses
are applied during the coding intervals to cancel the phase spread due
to the static gradient. To increase the sensitivity a train of rf pulses
(detection period) is applied after the formation of the stimulated echo.
The echo time Tgp for detection is determined by the dead time of the
probe.
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just a loss in sensitivity, but by loosing this magnetiza-
tion component one can no longer distinguish the sign
of the encoding gradient pulse. For this reason the stim-
ulated echo has two contributions, one is modulated by
a phase (¢ — ¢;) proportional to the displacement, and
the second one by a phase (¢¢ + ¢;), proportional to the
position [22]. When the response is sampled both contri-
butions are present obtaining the superposition of the
velocity distribution and the image of the sample.

To show this distortion, the evolution of the magne-
tization was calculated for the pulse sequence of Fig.
1A. For these simulations a homogeneous static mag-
netic field By along the z-axis, a homogeneous rf field
By along y-axis, a pulsed field with a constant gradient
g1 along the x-axis, and non-interacting spins were as-
sumed. For the sake of simplicity, a single velocity com-
ponent of 20 mm/s inside a slice 2 mm thick and
perpendicular to the velocity direction was considered.
The ¢ space [1] was sampled by stepping the gradient
amplitude g, from positive to negative values.

Fig. 2A shows the profile obtained by Fourier trans-
formation, where not only the peak at 20 mm/s but also
a hat function between —20 and 0 mm/s are observed.
The hat function is the image of the slice whose position
can be observed on the space axis on top of the plot. The
association of each contribution with the terms modu-
lated by the phases (¢r — ¢;) and (¢¢ + ¢;) is straightfor-
ward. To cancel the contribution of the term
proportional to the average position, the phases of the
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Fig. 2. (A) Simulated velocity profile for the PFG-STE sequence (Fig.
1A). A single velocity of 20 mm/s inside a slice 2 mm thick and
perpendicular to the flow direction was assumed. Not only a single
velocity is obtained, but also the image of the slice is observed. (B) The
unwanted image is completely remove by cycling the phases of the
second and third rf pulses between x and y.

second and third rf pulses from x to y, and the receiver
phase from x to —x. By adding both experiments the
sign of the first gradient pulse is recovered and the un-
wanted image is complete removed (Fig. 2B). In the
presence of inhomogeneities in the static magnetic field,
the phases ¢; and ¢y are defined by the superposition of
both the pulsed and the static gradient. If the static gra-
dient is strong enough to define a 75 shorter than the
encoding time 0, the term modulated by the phase
(¢pr+ ¢;) will be averaged to zero even in absence of
the pulsed gradient and will not contribute to the stim-
ulated echo.

2.2. PFG-STE in inhomogeneous By and B fields

When a static magnetic field gradient G, is present
during the experiment, the signal obtained with the con-
ventional PFG-STE sequence suffers from additional
diffusion attenuation, which is proportional to G; and
to a cross-term of the pulsed gradient g; and G
[20,23]. This complicates and in some cases prevents
the use of this method for displacement encoding. The
13-interval sequence denoted as encoding period in Fig.
1B has been developed to reduce the diffusive signal
attenuation due to Gy [20]. It includes w pulses applied
during the coding intervals to cancel the phase intro-
duced by G, during this period, while the encoding
phase is defined by means of bipolar gradient pulses to
restore the effective gradient pulse length J. In contrast
to the PFG-SSE sequence, the additional diffusive atten-
uation due to Gy arises only during the two encoding
periods, but not during 4. The sequence has been widely
applied to measure flow in heterogeneous samples such
as porous media showing that distortions introduced
by field inhomogeneities can be reduced considerably.
It must be noticed that as the sequence refocuses the
phase introduced by the static gradient, the term modu-
lated by the phase (¢¢ + ¢;), which is averaged out in the
case of a STE sequence, is recovered. For this reason a
phase cycle to eliminate the image from the velocity pro-
file is needed. In the case of the 13-interval sequence, the
phases of the third and fourth pulses are cycled from x
to y, keeping the receiver phase constant.

Unfortunately, the implementation of this sequence
in an open sensor, where the By, and B; fields are
strongly inhomogeneous is not straightforward. The
effective flip angle 0 defined by an rf pulse depends on
the amplitude B; of the rf field, the pulse length 7,
and the off-resonance field B.g. As a consequence of
the space dependence of both B,gand By a complex dis-
tribution of flip angles is obtained. It generates a large
number of coherence pathways most of them being
unfavorably encoded by the pulsed gradients.

To understand the performance of the pulse se-
quence, the signal response was calculated as a function
of the effective flip angle assuming a single velocity v.
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Fig. 3. Velocity profiles obtained as a function of the flip angle. For
the calculation homogeneous static and rf fields were assumed as well
as a uniform velocity v. A correct velocity distribution is obtained for
flip angles close to m/2, whereas the profiles become completely
distorted for flip angles close to m/4 and 3m/4.

Fig. 3 shows the velocity distribution obtained as a func-
tion of the flip angle. For 0 values close to the ideal value
of m/2 the profile is undistorted and the single velocity is
at the right spectral position. Nevertheless, when 6 devi-
ates from the ideal value (either because of B; or B,z
variations), a spurious contribution at half of the origi-
nal velocity value is obtained. This peak corresponds to
the magnetization encoded by only one of the two gra-
dient pulses during each coding period, which is modu-
lated with half of the correct frequency in ¢ space. This
result shows, that although distortions appear for im-
proper flip angles, they only contribute to signal at the
half of the correct velocity value.

To quantify the importance of this distortion for
the conditions of a real experiment we included in
the calculations the off-resonance excitation and the
real B; distribution of the rf coil. Fig. 4A shows the
obtained velocity distribution. The peak at v/2 is
clearly observed and its relative intensity is almost
50% compared to the intensity at the correct velocity.
As can be observed in Fig. 3, the distortion is largest
for flip angles close to m/4. For this value a large com-
ponent of the magnetization remains along the z-axis
after the application of the first rf pulse and is not en-
coded by the first gradient pulse of the encoding per-
iod. This remnant component is eliminated by cycling
the phase of the first rf pulse and the phase of the re-
ceiver from x to —x (add-subtract phase cycling). Fig.
4B shows the velocity profile obtained by including
this phase cycle in the simulation. The distortion is
now absent.

2.3. Sensitivity improvement

Besides the mentioned distortions that appear as a
consequence of the field inhomogeneity, an important
limitation to the implementation of this technique is im-
posed by the poor sensitivity of single-sided sensors. In a
previous work we have presented a multi-echo acquisi-
tion scheme, which, when applied after the encoding
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Fig. 4. (A) Velocity profile calculated considering both the off-
resonance due to the static gradient of the sensor and the B; field
distribution provided by the rf coil. Although a single velocity of
20 mm/s was assumed in the simulation, a contribution at half of this
value is observed. (B) To effectively cancel this distortion, the phase of
the first rf pulse and the receiver phase were cycled from x to —x.

period of an imaging sequence, allowed us to improve
the sensitivity up to one order of magnitude by adding
the echoes in the train [18]. Based on the same concept
a train of refocusing pulses denoted as detection period
in Fig. 1B was attached to the 13-interval sequence
(encoding period). As described in our previous work,
the refocusing pulses only preserve the component of
the echo signal parallel to the rf field, while the perpen-
dicular component goes to zero after a transient period.
For the reconstruction of the velocity distribution both
magnetization components are necessary, and the loss
of one of them mirrors the spectrum. To sample both
components two experiments are performed, switching
the phase of the rf pulses of the refocusing train from
x to y. The full complex signal is then obtained by com-
bining the x component of the first train with the y com-
ponent of the second one.

In summary, the total experiment requires a mini-
mum of eight scans per gradient step. The phase of the
first rf pulse must be cycled from x to —x to eliminate
distortions due to the flip angle distribution, the phase
of the third and fourth rf pulses from x to y to eliminate
the unwanted image from the velocity profile, and the



128 F. Casanova et al. | Journal of Magnetic Resonance 171 (2004) 124-130

sequence must be repeated changing the phase of the
refocusing train to sample both components of the echo
signal.

3. Experiments and results

A U-shaped magnet with an optimized field profile
was used to provide the static magnetic field. Due to
the strong magnetic field gradient along the depth direc-
tion different slices perpendicular to this direction can be
precisely selected by adjusting the transmitter frequency
[18]. For excitation and detection of the NMR signal, a
40 mm squared coil was used. The coil geometry com-
bined with the depth selection defines a flat sensitive vol-
ume 36 x 26 mm” wide and 1 mm thick. When the slice is
localized at 10 mm above the sensor surface the fre-
quency is about 8 MHz, and the static gradient is
2.5 T/m. The sensor is equipped with a gradient coil sys-
tem positioned underneath the rf coil that provides
pulsed gradients along the two lateral dimensions. The
maximum pulsed gradient available at the surface of
the sensor is 20 mT/m. The total sensor size, which is
determined by the magnet size, is 30 x 30 cm” along
the lateral direction and 15 cm in height.

The efficiency of the sequence of Fig. 1B to remove
the background gradient was tested first. The sequence
was implemented without gradient pulses, and the echo
intensity from water doped with Cu,S was sampled as a
function of 4 for different ¢ values. The acquired decays
could be fitted by a mono-exponential function with a
time constant independent of 6 and equal to 7 in all
cases. This result proves that the stimulated echo stored
as longitudinal magnetization during 4 is free of phase
contributions introduced by the static gradient.

To illustrate the performance of the method, the
water flow in a thin rectangular pipe was measured.
The tube, 12 mm wide, 0.6 mm high, and 200 mm long,
was placed at 10 mm from the sensor surface. When the
ratio between the height « and the width b of the tube is
bla > 1, the velocity profile of laminar flow can be consid-
ered to be flat along the long side b while it changes as a
quadratic function of the height ¢ [24]. A volume flow rate
0 of 170 ml/h was driven by a precision pump Pharmacia
P500 defining a maximum velocity vy, = 3/2 X Q/(ab) of
about 10 mm/s. The doted velocity profile in Fig. 5
was obtained with the sequence of Fig. 1B. The ¢ space
was sampled in 24 steps from negative to positive values
and with the field of flow set to 30 mm/s a velocity res-
olution of about 1.25 mm/s was defined. To excite all
the spins across the tube, the length of rf pulses was
set to 7 us defining a slice thickness of about 1 mm.
The shortest echo time Tgp = 0.11 ms, limited by the
dead time of the probe, was employed. A train of 2000
echoes was added to improve the sensitivity by a factor
of 20 compared to single-echo detection. Thanks to this
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Fig. 5. Velocity distribution of water flowing in a rectangular pipe
measured with the pulse sequence of Fig. 1B. Dots denote experimen-
tal data. The water used for the experiment was doped with Cu,S to
reduce the 7 value to 0.9s. The gradient pulse length ¢ was set to
0.5 ms and the evolution period 4 to 200 ms. To improve the signal-to-
noise ratio 2000 echoes were acquired with Tgp = 0.11 ms. The total
experimental time to obtain the velocity distribution working at 10 mm
from the sensor surface was 5 min. For comparison the theoretical
distribution was calculated and is shown as a continuous line.

dramatic sensitivity enhancement, only 8 scans were re-
quired, determining a total time of about 5 min to mea-
sure the velocity distribution. The theoretical velocity
profile for this pipe geometry was calculated and is
shown in Fig. 5 as well. The good agreement between
experimental and theoretical curves proves that the
method is suitable to remotely measure velocity distribu-
tions, even in these extremely inhomogeneous fields.
Single-sided sensors are usually repositioned to scan
the object at different spots. In some applications only
the average velocity at each spot is required. When this
is the case a single phase-encoding step can be used in-
stead of the N steps needed to reconstruct the full prop-
agator [25]. The sacrifice in velocity resolution leads to a
direct reduction in experimental time by a factor of N/2.
The procedure requires an initial experiment without
gradient pulses to measure the reference phase of the
echo signal, and a second experiment with the gradient
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Fig. 6. Correlation between the average velocity vnyr measured using
the single-step phase encoding PFG-STE method with the value v,,
determined from the known flow rate and the geometry of the tube.
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pulses to introduce a phase shift in the echo propor-
tional to the displacement. From this phase shift the
average velocity inside the sensitive spot can be easily
computed. The method was implemented to measure
the average velocity v, = Q/(ab) in the rectangular pipe.
Fig. 6 shows the average velocity vnyyr measured with
the single-step PFG-STE method as a function of the
average velocity calculated via the known flow rate.
The excellent correlation observed shows that the meth-
od is accurate in a wide velocity range. The time to mea-
sure the average velocity inside the selected volume,
under the same conditions as in the previous experiment,
was about 24 s.

4. Conclusion

The detailed information about fluid transport prop-
erties provided non-invasively by NMR, together with
the simplicity of the measurement procedure identifies
NMR as a suitable technique to characterize processes
where flow conditions of complex fluids need to be
known. In this work an alternated PFG-STE sequence
suitable to encode displacement in the presence of strong
By and B field gradients has been presented. It has suc-
cessfully been implemented on a single-sided NMR sen-
sor to measure velocity distributions ex situ. One of the
key points to develop this approach to a method of
practical use was the incorporation of a multi-echo
acquisition scheme following the displacement encoding
period. Adding the large number of echoes collected for
liquid samples, a dramatic reduction in the experimental
time was achieved so that velocity distributions can be
measured in a few minutes. The time reduction that
can be obtained in this way is determined by the number
of echoes acquired in the generated echo train. In the
presence of a 2.5 T/m static gradient and for liquids with
long T, the time decay is determined by the diffusion
coefficient. While for water 2000 echoes were acquired,
the number would be considerably larger for more vis-
cous samples like oil. The short experimental time
needed to explore the signal at a given depth suggest
considering the implementation of two-dimensional
experiments. Taking advantage of the depth selection
that can be achieved by retuning the probe frequency
we are currently engaged in obtaining spatially resolved
velocity profiles. It is anticipated that the new unilateral
flow sensor will find applications in non-invasive mea-
surements of fluid transport in non-transparent media.
Fluids of interest are molten polymers, polymers in solu-
tion, and a great variety of slurries, colloidal dispersions,
fermentation products, foams, and a host of non-New-
tonian liquids. These fluids have non-linear viscoelastic
properties and the lack of models underlines the need
of experimental techniques to measure the flow
distribution.
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