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Magnet Systems for Unilateral Magnetic Resonance
B. Balcom

MRI Centre, Department of Physics, University of New Brunswick, Fredericton, Canada

Magnetic Resonance in its various implementations has proven to be among the most
powerful, and certainly most general, analytical techniques available to modern science.
Following several decades of development, the state of the art for clinical MRI and
liquid/solid state spectroscopy instruments is very highly evolved, generally featuring
expensive high field superconducting magnets.

While low field permanent magnet based MR instruments feature inherently low
SNR, with thermal polarization, the ideas of unilateral magnetic resonance (also termed ex
situ NMR or single sided NMR) have captured the imagination of many researchers world-
wide. These instruments are attractive and exhilarating because the development work is very
hands-on and still very early stage - which means that new, simple, physical ideas are readily
translated to new designs.

Low field portable magnets (which includes luggable magnets), instruments, and
associated measurement developments, over the last decade, will be reviewed in this tutorial
lecture.

Our emphasis will remain true single-sided instruments rather than the more general
topic of low field magnetic resonance. Instrument developments over the last decade already
demonstrate a number of trends, which permit reasonable extrapolation to future instruments
and measurements. The tutorial will therefore conclude with judicious speculation on future
unilateral MR instruments and measurements.
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Diffusion in porous media

Denis S. Grebenkov
LPMC, CNRS - Ecole Polytechnique, F-91128 Palaiseau, France

A geometrical confinement considerably affects the diffusive motion of the nuclei and the
consequent signal attenuation under inhomogeneous magnetic fields. In the tutorial lecture,
we focus on theoretical and numerical aspects of restricted diffusion in NMR. Starting from
the classical Bloch-Torrey equation, we obtain the free induction decay (FID) and the spin-
echo or gradient-echo signal in a compact matrix form. Each attenuation mechanism
(restricted diffusion, gradient dephasing, surface or bulk relaxation) is represented by a
matrix which is constructed from the Laplace operator eigenbasis and thus depending only on
the geometry of the confinement. In turn, the physical parameters (free diffusion coefficient,
gradient intensity, surface or bulk relaxivity) characterize the "strengths™ of the underlying
attenuation mechanisms and naturally appear as coefficients in front of these matrices. Once
the Laplacian eigenfunctions for a given confinement are found (analytically or numerically),
further computation of the macroscopic signal is more accurate and much faster than by using
conventional simulation methods. The matrix technique is actually a simple numerical tool
to deal with arbitrary gradient waveforms, including simple or stimulated, single or multiple
spin echoes. We illustrate its efficiency by considering restricted diffusion in simple
domains: a slab, a cylinder, and a sphere. Classical and recent theoretical advances achieved
by using Laplacian eigenfunctions are overviewed.
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Moving NMR

Bernhard Bliimich and the Aachen team

Institute of Technical and Macromolecular Chemistry, RWTH Aachen University, Germany

A unique aspect of Nuclear Magnetic Resonance is that it is in uninterrupted
evolution towards new methodologies, instrumentation and applications since its first
experimental verification in condensed matter in 1945. The evolution of conventional NMR
seems to follow a path to stronger and homogeneous magnetic fields to make use of higher
sensitivity and wider spectral dispersion. At the same time, electronic components become
smaller and smaller and software becomes more powerful, leaving the magnet and possibly
the rf power amplifier as the volume determining quantities of NMR instruments. Mobile
NMR is moving that frontier by introducing small NMR sensors and with it methods capable
of dealing with the challenges associated with small magnets.' Prominent challenges are low
field strength, low field homogeneity, temperature drift of permanent magnets, and low
electric power consumption for battery operated measurements.

The evolution of NMR is reviewed and the prominent challenges of mobile NMR are
addressed. General solution strategies are outlined and particular solution concepts of the
Aachen team are reported together with an overview of novel applications of mobile NMR.

References:

1. B. Blumich, F. Casanova, J. Perlo, Mobile Single-Sided NMR, Prog. Nucl. Magn. Reson.
(2008) in press, doi:10.1016/j.pnmrs.2007.10.002.
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Probing Multi-Component Transport in Porous Media over & -02

Hierarchy of Length-Scales

L. F. Gladden & T.C. Chandrasekera ?, Y.Y. Chen 8 J.H.P. Collins ?, C.P. Dunckley ?,
E.J. Fordham °, M.L. Johns ?, M.D. Mantle 2, J. Mitchell , M.H. Sankey 2,
and A.J. Sederman ®

& University of Cambridge, Department of Chemical Engineering, Pembroke Street,
Cambridge CB2 3RA, U.K.
® Schlumberger Cambridge Research, High Cross, Madingley Road,
Cambridge CB3 OHG, U.K.

Understanding transport processes in porous media is central to the design and operation of
many chemical and physical processes. Ongoing work in the group aims to develop a suite
of techniques which can probe transport processes in porous media over a hierarchy of
length-scales from 10%-10% m. This talk will summarise the motivation for applying
magnetic resonance techniques to study transport phenomena in a number of different
systems, and then present illustrative results. Three areas of application will be considered:

Oil recovery — identifying oil and water fractions in a permeable rock

Recently we have implemented a pulse sequence in which T relaxation times have been
encoded in the second dimension of two-dimensional relaxation correlation and exchange
experiments using a rapid “double-shot” T; pulse sequence. The technique retains chemical

shift information (8) for short T, systems. Thus, a spectral dimension is incorporated into a

T»-T1-8 correlation without an increase in experimental time compared to the conventional,
chemically insensitive T3-T, correlation. This approach enables the unambiguous
identification of oil and water fractions in a permeable rock.

Pharmaceutical delivery systems — quantifying rapidly evolving pore-size distributions

For reasons of both ease-of-use for the consumer and more effective treatment, there is
increasing motivation to understand and control the release of drug into the body from a
‘delivery system’; e.g. tablet, polymer extrudate. Magnetic resonance is well-established for
use in characterising pore-size distributions in, for example, rocks — in such systems the
pore size is usually constant with time. When considering pharmaceutical delivery systems,
the pore size will evolve with time. Recent data will be presented which demonstrate that
during release, both the pore structure and the dissolution of the pharmaceutical active can
be followed using combined *H T, relaxometry/ g-space molecular displacement imaging
and *°F NMR, respectively.

Chemical reaction engineering — velocity mapping of gas and liquid in two-phase flows

The fixed-bed reactor is widely used throughout the chemical industry. The process unit
comprises a cylindrical column packed with porous catalyst particles. In the context of this
meeting, the fixed-bed reactor can therefore be considered as a model hierarchical porous
structure comprising the macroscopic pore space of the inter-particle space within the
cylinder, and the micropore space within the catalyst pellets. Here we will focus on recent
results in which we have imaged both gas and liquid velocities within the inter-particle
space. These data allow us to compare the characteristics of two-phase (gas-liquid) flow
with that of a single-phase flow within the same porous structure. Further, these data
provide us with first measurements of gas, liquid flow velocity and particle wetting upon
which predictive models of reactor performance can be developed.
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Propagator Resolved Transverse Relaxation Spectroscopy

K.E. Washburn®¢, C.H. Arns®, P.T. Callaghan?

#Victoria University of Wellington, b Australian National University, ‘ResLab, Reservoir
Laboratories AS

We present here a novel technique for characterization of porous media, propagator
resolved transverse relaxation exchange. This technique is the first experiment to combine
two inverse Laplace dimensions with a Fourier dimension. Previously, we had used a
transverse relaxation exchange experiment to determine the rate and extent of fluid exchange
between pores of differing sizes in Castlegate sandstone’. This 2D inverse Laplace
experiment is of similar form to Fourier exchange experiments, correlating the T2 values of
spin-bearing molecules at two different points in time. While T2 exchange is a useful
technique, it has the major limitation that it cannot differentiate between molecules that have
remained in their original environment and those that have moved to a new environment with
a similar T2 value. By adding the propagator dimension to the transverse relaxation
exchange experiment, we can not only determine where molecules are moving and how
quickly they get there, but how far they have moved as well.

We performed the propagator resolved T2 exchange experiments on tight-packed
quartz sand for a range of mixing times. The data are then Fourier transformed along the
diffusion axis to produce a propagator. Slices of T2-T2 exchange data are extracted from
along the propagator and inverted using the 2D inverse Laplace transform?. The difference in
the resulting spectra depending on displacement is marked. The signal from low molecular
displacements lies almost exclusively along the diagonal, which indicates no exchange. For
high displacement, multiple cross peaks appear, which, as with Fourier exchange
experiments, indicates movement between environments during the mixing time. We also
performed simulations of fluid movement within a pore glass system. By minimising the
difference between the measured and simulated results, we are able to estimate pore
characteristics such as pore size, inter-pore spacing, pore exchange times, and tortuosity.
Comparing our results to estimates from X-Ray CT, we see good agreement in pore size and
tortuosity values, but our method consistently underestimates inter-pore spacing. This most
likely stems from the limited distances that can be probed using diffusion, and we anticipate
work with flow will produce better agreement in the pore spacing estimates.

References:

1. K. E.Washburn and P.T Callaghan, Phys. Rev. Let 97 (2006) 175502.
2. L. Venkataramanan, Y.Q. Song, M.D. Hurlimann, IEEE Transactions on Signal
Processing 50 (2002) 1017.
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Using heterogeneity spectra to describe porous media presenting|(Q-03

spatial heterogeneity on multiple length scales

Andrew E. Pomerantz, Peter Tilke, and Yi-Qiao Song

Schlumberger-Doll Research, 1 Hampshire St., Cambridge, MA 02139, USA

Naturally occurring porous media often present spatial heterogeneity on a wide range
of length scales. Carbonate rocks, which represent an important challenge to the oil industry
because they contain over half of proven oil reserves, are often considered to be
heterogeneous on length scales ranging orders of magnitude. MRI represents a powerful
experimental probe of these heterogeneous media because it can measure relevant quantities
with good spatial resolution over potentially large samples. In traditional quantitative
analysis of spatial heterogeneity, data from spatially resolved measurements such as MRI are
used to construct variograms or correlation functions, which are then fit to simple model
functions. This technique can determine the total heterogeneity (variance) and a single length
scale of heterogeneity (or a small number of discrete length scales when the data support a
nested structure).  However, the interpretation becomes ambiguous for materials
simultaneously displaying many length scales of heterogeneity.

Here we present a statistical technique for inverting MRI measurements into a
heterogeneity spectrum, resolving that ambiguity by quantifying the extent of heterogeneity
as a function of length scale. A single experiment is sensitive to a range of heterogeneity
length scales determined by the experimental resolution and the sample size. The influence
of spatial averaging over the finite volume of a voxel (regularization) is modeled
mathematically, yielding the sensitivity of experimental data to heterogeneity at different
length scales. Those sensitivity functions are then used as basis functions for inverting the
data to a heterogeneity spectrum, showing heterogeneity as a function of length scale for all
length scales to which the measurement is sensitive. This transform presents the
experimental variogram in an easily interpretable form, just as an inverse Laplace transform
presents an echo train as an easily interpretable relaxation spectrum or a Fourier transform
presents an FID as an easily interpretable chemical shift spectrum.

We will present heterogeneity spectra derived from MRI images for a series of
sandstone and carbonate rocks. This measurement is sensitive to heterogeneity over the
range 10°° — 10 mm. Over this range of length scales, the heterogeneity spectra of different
carbonates is shown to vary greatly: some carbonates present most of their heterogeneity on
relatively short length scales, some carbonates present most of their heterogeneity on
relatively long length scales, and some carbonates are as homogeneous as typical sandstones.
Examples are shown in the figure: rock A is quite heterogeneous, and most of that
heterogeneity occurs on relatively short length scales; rock B is somewhat less
heterogeneous, and heterogeneity at longer length scales dominates in this sample.
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Figure 1: Example heterogeneity spectra
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Dynamics at Surfaces: 0-04
Probing the dynamics of polar and a-polar liquids
at silica and vapour surfaces.

J. Beau W. Webber®?? John H. Strang8 Philip Bland®, Ross Anderson®, Bahman Tohidi®
4nstitute of Petroleum Engineering, Heriot-Watt University, Edinburgh, EH14 4AS, UK;
PSchool of Physical Sciences, University of Kent, Canterbury, Kent, CT2 7NH, UK;
‘Imperial College London, South Kensington Campus, London SW7 2AZ, UK;

9 ab-Tools Ltd., G19 Canterbury Enterprise Hub, University of Kent, CT2 7NJ, UK.

Recent studies by NMR and NS of the dynamics and phase-fractions of water/ice
systems in templated porous silicas (SBA-15) show that what was believed to be a non-frozen
surface water layer is actually plastic ice (Figla, b), the thickness varying with temperature.
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Fig. 1a Variation with temperature of the lofdg relaxation time component for plastic ice in SBA-15
porous silica - Arrhenius plot. The lower activation enthalpy is due to the onset of rotational motion.
Fig. 1b Variation with temperature of the amplitude of the IGagrelaxation time component for
plastic ice in SBA-15. As the temperature is lowered the plastic ice converts reversibly to brittle ice.

More recent research has studied the dynamics of polar water/ice and a-polar organics
at both silica and vapour interfaces. The polar results are significant for water/ice systems in
the environment. This research also points the way forward for wide-range cryoporometric
metrology in ‘difficult’ systems such as high iron content clays and rocks, as well as aged
concrete. Results will be presented for cryoporometric measurements on meteorite samples
with a significant metallic content, exhibiting*Trelaxation times down to 2.5.

Refer ences:

1. Sructural and Dynamic Studies of Water in Mesoporous Slicas using Neutron Scattering
and Nuclear Magnetic Resonance. Beau Webber and John Dore. Invited article, loP:
Journal of Physics: Condensed Matter - Special Issue: Water in Confined Georhétry
S5449-S5470, 2004. PII: S0953-8984(04)78970-5

2. Plasticicein confined geometry: The evidence from neutron diffraction and NMR
relaxation. J. Beau W. Webber, John C Dore, John H. Strange, Ross Anderson, Bahman
Tohidi. J. Phys.: Condens. Matter 19, 415117, (12pp), ,2BP&cial Issue?rocedings of
The International Workshop On Current Challenges in Liguid and Glass Science

3. Nuclear Magnetic Resonance Cryoporometry J. Mitchell, J. Beau W. Webber and J.H.
Strange. Physics Reports, 461, 1-36, 2008. do0i:10.1016/j.physrep.2008.02.001
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Direct probing of the wettability of plaster pastes at the nanoscale
by proton field cycling relaxometry

J.-P. Korb and P. Levitz

Laboratoire de Physique de la Matiere Condensée, Ecole Polytechnique, CNRS,
91128 Palaiseau, France.

How is it possible to probe non destructively the water wettability of a reactive porous
plaster paste and how is it related to its macroscopic properties? Answering these two
questions is very important in civil engineering to control the mechanical properties of such a
widely used material. Here, we propose the proton nuclear magnetic relaxation dispersion
(NMRD) to estimate the average lifetime of a water molecule on the pore surface of gypsum,
a material of great interest in the building industry. Our first result at room temperature is the
frequency dependence of 1/T; that is constant below a cross-over frequency 22 kHz over
which it behaves as a power law, 1/T;~o ™™ over more than three orders of magnitude either
for light or heavy water. This is in favour of an intramolecular diffusive process on and at
proximity of the entangled needle-shape gypsum flat surface [1, 2]. The second result for
light water is that such a power law is preserved when varying the water-to-plaster weight
ratio between 0.4 and 1 and the temperature between 25 and 45°C. However, one observes an
anomalous behaviour of 1/T; that increases with the temperature. This reveals an interaction
with the solid surface. Last, one observes a net decrease of the exponent of the power law up
to 1/Ti~0™ " in presence of adsorbed Sodium trimetaphosphate adjuvant. We propose an
analytical model of the NMR relaxometry involving elementary time steps near the interface
(e.g. bulk bridges, adsorption trails and escaping tails. This close-form model is supported by

our experimental data. The model introduces a characteristic frequency @, = &~ / (2D7?) that

1s related to the water size 6=0.3 nm, the translational bulk diffusion coefficient D of water
and the average adsorption correlation time t4. The comparison with our data shows that this
characteristic frequency is about my~0.1 MHz in normal hydration and increases to 8§75 MHz
in presence of 6.5% of adjuvant. This gives an adsorption time scale that is To=5.7 ns without
adjuvant and decreases to 64 ps with 6.5 % of adjuvant.

In summary, the direct probing of water adsorption time on solid surface gives access
to an original characterization of the surface nano-wettability of porous material. Possible
extension of this method to various other materials is actually under investigation..

References:

[1]  P.E. Levitz, J. of Phys. Cond. Matter 17 (49), 54059-54075 (2005).
[2] P.E. Levitz and J.-P. Korb, Europhys. Lett. 70, 684-689 (2005).
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