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Abstract A unique feature of NMR saturation measurements
is the facility to study the saturation state in a defined region of
a long (21 foot) core sample and thus measure the porosity
profile. This paper addresses the three steps necessary 10
implement quantitative physical slice selection: (i) construction
of a NMR probe of dimensions commensurate with the slice
thickness reguired, (ii) demonstration that the characteristics of
the probe are appropriate for quantitative porosity
measurements and (iii) establishing and testing a NMR
measurement protocol.

The results reported were obtained with a Bruker MSL300
console in conjunction with a Bruker 2 kW class C amplifer and
an Oxlord Instruments 31 cm horizontal bore superconducting
magnet operating at 0.66 T {28.3 MHz for TH NMR).

The dimensions of the physical slice are primarily controlled
by the size of the NMR probe and the position of radiofrequency
screening. Two options can be considered to define a physical
slice; first, the slice thickness can be determined solely by the
length of the NMR probe, and second, radiofrequency
screening can be implemented to medify the slice profile from a
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longer length probe. Both approaches have been evaluated,
the first in detail.

This method has been developed into a practical system
and used to measure the axial porosity profiles of three brine
saturated long core samples: Berea sandstone, Bedford
limestone and a composite core sample. For the Berea core a
mean NMR porosity of 13.0+£0.3% was obtained; the gravimetric
porosity was 13.420.1%. The corresponding values for the
Bedford core are 13.820.3 and 13.3+0.1% porosity,
respectively. Both of these samples exhibit homogenecus
porosity distributions.

To investigate heterogeneous porosity distributions a
composite of five short cores, including both sandstones and
carbonates, was studied. The NMR porosity profile obtained
clearly maps the porosity variation, based on the individual
core porosities, and integration of the profile gave a mean
porosity of 19.8+0.6% ; the gravimetric porosity was calculated
similarly giving 20.810.1%.

INTRODUCTION

The utility of nuclear magnetic resonance {(NMR) techniques in
petrophysical applications has been demaonstrated in a number of
publications to date. Core analysis applications range from the
direct determination of saturations (Edelstein et af,, 1988; Osment
et al., 1990} to the study of pore geometry via NMR diffusion {Mitra
and Sen, 19922) and connectivity via NMR flow measurements
(Woessner et al., 1990; Guilfoyle et al,, 1992). Recent publications
which present quantitative porosity and saturation measurements
have demonstrated the feasibility of routine, automated analysis
{(Vinegar et al, 1989; Edelstein et al, 1990). As this range of
applications, both spectroscopy and imaging, expands it is
apparent that before NMR methods attain widespread acceptance
and use within the ocil industry it is necessary to demonstrate the
accuracy and precision of the resulting data.

To assess the level of quantitation attainable under complex
experimental conditions (e.g., two phase displacement processes)
we have undertaken a series of experiments designed to
determine the accuracy and precision of each component of the
experiment. The first experiment was to demonstrate quantitative
NMR measurements of brine saturations in single-phase brine-
saturated rock cores which were small enough {o fit completely
within a NMR probe. We have developed a single, robust NMR
protocol for those measurements and extended the rangs of core
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samples studied in order to determine the accuracy and precision
altainable in routine use. Using this prolocol the brine content of a
variety of reservoir rock ¢cores is measured with a mean absolute
error of 0.3% porosity (Lucas et al,). The next step extends this
NMR protocol to quantilative NMR measurements of oit and brine
saturations in mixed-phase saturated cores and incorporates
quantitative NMR slice selection.

Quantitative NMR slice seleclion is important for two main
reasons. First, NMR measurements of the mixed phase saturations
of rock core samples extracted during exploratory drilling involves
measuring long core samples which extend beyond the limits of a
NMR probe. This makes quantitative NMR measurements difficult
for three reasons: (i) inhemogeneities in the static magnetic field,
Bg., applied to the core sample, (ii) spatial variations in the
amplitude of the time-dependent magnetic field, By, applied to
perturb the nuclear spin system from equilibrium and (iii) probe
loading effects produced by the conducting core sample. A
second reason for interest in NMR slice selection is associated
with NMR imaging applications. Slice seleclion in NMR imaging
involves the application of a magnetic field gradient allied with a
frequency selective excitation pulse; by definition such pulses are
generally of relatively long duration (>0.5 ms). However, for
quantitative measurements it is important that the duration of any
excitation pulse be shorl compared with the duration of the time
domain NMR signal from the pore fluid. In practice the latter is
short due to the rapid dephasing of magnetization in rock core
systems arising from magnetic susceptibility differences between
the rock matrix and pore fluid.

Two approaches are available for studying localized volumes
within a core; (i} physical slice selection incorparating slice
selection controlled solely by the dimensions of the NMR probe
and any associaled radiofrequency screening and (ii)
radiofrequency NMR slice selection by any method utilizing a
freguency selective excitation pulse. In this study single-phase
brine-saturated cores are studied via physical slice selection
methods, which is particularly important for quantitative saturation
measurements on long core samples which exhibit rapid time
domain NMR signal decay. To our knowledge this is the first
publication to specifically address the guestion of quantitative
physical NMR slice seleclion methods for core analysis
applications.

Existing conventional techniques for determining core sample
porosity and saturations establish the accuracy criteria for
comparable NMR core analysis; for example, the maximum
acceptable deviation in a standard core plug porosity
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measuremenl! using a Boyle's Law apparalus is 0.5% porosity
(Thomas and Pugh, 1989).

The basic principles and terminology of NMR (Lauterbur, 1973,
Sanders and Hunler, 1987) are outlined in the appendix.

PHYSICAL SLICE SELECTION NMR PROBES

In physical slice selection measurements the dimensions of the
slice are controlled by the dimensions of the NMR coil and/or the
position of any radiofrequency screening used. Two options exist;
first a NMR probe whose length in the slice direction is comparable
to the required slice dimension and, second, a longer NMR probe
with the slice widih being determined by radicfrequency screening.
In this study physical slice selection probes based on these
localization methods have been conslructed and tested.

These probes are based on the "sine spaced" design of
Bolinger et al, {1988), which was selected on the basis of the
required core sample and magnetic field arientation, low sensitivity
to probe loading effects and ease of construction and frequency
tuning. Schematic diagrams of the "short strut" and
"radiofrequency screened” probes are presented in Figure 1. The
axial {z} direction is parallel 1o that of the static magneti¢ field.

The dimensions of the short strut probe were selected to enable
the detection of core porosity heterogeneities on a spalial scale of
the order of 30mm. The copper NMR coil is 100mm in diameter
and has 22, 10mm long struts. The coil is tuned to the NMR
resonance frequency with four soldered chip capacitors (Morgan
Matroc Type 101} and is inductively coupled lo the transmitler
oulpul/receiver input. The NMR probe was constructed from low
TH content materials in order to minimize the probe contribulion to
the TH NMR signal. Guard rings were installed in this probe to
reduce the elfect of magnetic and electric fields generated near the
funing capacitor elements. Since this NMR probe was built
specifically to excite a small sample velume, the coil length to
diameter ratio of 0.1 is less than optimal for producing a
homogenecus Bq field; usually it is desirable for this ratio to be
greater than 1. The resulting spatial variation of B¢ is considered
in the following secticns.

The design of the radiofrequency screened probe is identical to
that of the short strut probe in all respects except that the strut
length of the former is increased to 160mm and a conductive
copper mesh is used for radiofrequency screening of the sample.
This probe was tuned to the NMR frequency by a combination of
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FIGURE 1 Schematic diagrams of (a) the short strut and
(b) the radiofrequency-screened NMR probes.
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four soldered chip capacitors and the position of the grounded
copper mesh screens.

Axial Slice Definition of the NMR Probes

In order to correcily interpret data acquired with physical slice
selection methods it is essential to know both the slice thickness
and the varialions in signal intensity across the defined slice.
These can be ascertained from the slice profile of a reference
sample obtained by Fourier translormation of a spin echo acquired
in the presence of an applied magnetic field gradient {Lauterbur,
1973).

Axial {z) slice profiles obtained with a cylindrical water phantorn
(63mm diameter x 400mm length) are presented for the short strut
probe as a function of pulse duration in Figure 2; the horizontal
axis is direclly proportional to dislance since a linear field gradient
was applied. A spin echo pulse sequence, tp-delay-2tp-delay-
acquire, was used with pulse durations, tp , of 40, 45, 50, §5 and
60 ps. The effective n/2 pulse was set to be 30 s in duration. The
changes observed in the slice profile as the pulse duration is
varied arise from By inhomogeneities within the probe; the
magnitude of the By magnetic field is greatest in the central region
of the z-slice.

For z-axis spatial calibration purposes a slice profile of a water
phantom (63mm diameter x 10mm length) was obtained with a 50
us duration effective n/2 pulse. Defining the slice thickness as the
profile width at half amplitude the slice thickness for the solid curve
in Figure 2 is 30mm.

An equivalent axial {z} slice profile for the radiofrequency
screened probe is presented in Figure 3. The "shoulders”
observed are due to the presence of the conducting copper
screens, placed 50mm apart, which distort the By magnetic field.
This slice prefile could be altered by repositioning the copper
screens,

Although either of the localization methods could be used to
measure porosily profiles, the short strut probe was selected for all
subsequent experiments.
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FIGURE 2. Short strut probe axial slice profiles for
various pulse durations.
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FIGURE 3. Axial slice profile obtained with the
radiofrequency-screened probe.
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B Field Map of the Short Strut NMR Probe

Having cbtained the slice profile for the short strut probe detailed
B4 maps (Murphy-Boesch et al., 1987) were acquired for two slice
orientations. ldeally, the By field should be uniform in the
transverse {xy) plane and sharply defined along the longitudinal
(z) axis. However, the reality, using physical slice selection
methods, is the variation in the B field shown in Figures 4 and 5.
This information is important to validate assumptions made in
deriving the NMR protocol described later.

The B; map through the xy-plane perpendicular to the slice
direction (z) is presented in Figure 4 in which the pixel intensity is
directly proportional to the magnitude of the local B4 field. The
cylindrical slice phaniom used in these experiments has a
diameter of 63mm and a length of 10mm; the image is not circular
due to the presence of an air bubble in the phantom. This image
¢an be calibrated since the effective n/2 pulse was set to be 50 pus,
which corresponds to a Bq field of 1.2G; thus the B¢ field
generated by the probe across the slice phantom varies from 2.4G
at the boltom edge to 1.2G at the centre of the phantom. The By
field ranges from 1.2 to 1.8G across a 50mm diameter sample; this
diameter excludes the dark band near the bottom edge of Figure 4,
the origin of which is not yet understood.

The B4 map through the yz-plane is presented in Figure 5; the
absolute pixel intensities in this image are different from those of
the By map of the transverse slice due to image intensity scaling.
Calculation of the By values for the longitudinal slice by the
method described above gives resulls which are consistent with
those obtained for the transverse slice.

If no B4 magnetic field variations were observed, then a water
sample of any dimension could be used as a mass reference for
porosity measurements. However, the variations in the By field
can be normalized by comparing the experimental data obtained
from the core samples with that from a reference sample of the
same diameter as the core, as shown in the following section.
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FIGURE 4. Transverse (xy) slice B4 field map of the
short strut probe. By in gauss (G).

10mm
—

FIGURE 5. Longitudinal (yz) slice By field map of the
short strut probe. B4 in gauss (G).
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NMR PROTOCOL

In order to develop a robust NMR protocol for the accurate
measurement of porosily in single-phase brine-saturated cores, we
selected the simplest conceivable NMR experiment, namely the
pulsg-acquire sequence, Figure 6.

radiofrequency
pulse

initial magnetization
(Mg)

\ deadtime
' extrapolation

observed free
induction decay

0 1 time

FIGURE 6. NMR pulse-acquire sequence used for the
porosity measurements showing the deadtime (i4)
extrapolation.

In this sequence a singie radiofrequency pulse is applied and
the decaying NMR signal is sampled after the receiver deadtime.
The signal amplitude immediately afler the pulse is directly
proportional to the sample magnetization, Mg, when appropriate
NMR hardware and experimental paramelers are selected; the
latter are tabulated in Table 1.

TABLE 1. NMR Experimental Parameters.

Pulse duration 25us
Receiver deadtime 25us
Digitizer dwell time 1us

Time domain points acquired 2048
Recycle time 75

Number of scans 64
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The pulse duration, 25 s, corresponds to an effective n/4
pulse. The fastest digitizer rale available was employed to
characterize the rapidly decaying time domain signals. The
receiver deadtime prohibits acquisition of the important initial
portion of the NMR signal. To obtain accurate My values the data
were processed to subtract contributions to the NMR signal arising
from the probe ang core wrapping materials. No correction for any
residual NMR signal from the "dry" core was made.

A time domain data extrapolation methed is required to account
for signal loss during the receiver deadtime (see Figure 6). The
magnitude data derived irom the first 100 time domain points
detected in quadrature, were fitled, using a nonlinear least squares
fitting routine, to a stretched exponential function (Kenyon et al.,
1986; Lucas et al.) given by Equation {1}.

o
Myy (t) = Mg exp (t/Tz) (1)

In this expression the time (i) decay of the observed
magnelization (Myy) is described by an initial magnelization value

{Mp), a time constant {T2" ) and an exponent {a). This functional
form accurately describes the observed muitiexpenential decay.
For bulk water in a homogeneous static magnetic field the time
domain signal is a single exponeniial decay, producing a
Lorentzian lineshape in the frequency domain. A normal
distribution of local magnetic fields produces a superposition of
Lorentzian lines yielding a Gaussian lineshape. The "stretched
exponential” form represents both Lorentzian, Gaussian and mixed

lineshapes depending on the value of the stretching exponent, a.
The silvalion in core samples represents a mixture of these
extremes (Lukyanov et al., 1983). All the core samples studied are
characterized with this simple function.

In order 1o converl the experimental NMR signal amplitudes into
porosity values the NMR signal from a cylindrical glass vessel
(400mm length x 50mm diameter) containing an aqueous 2.5mM
MnClz solution was used as a mass reference. The porosity was
calculated using the following expression, derived from: (i} the fact
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that the amplitude of the NMR signal is directly proportional to the
1H content of the selected slice, (ii) the assumption that the pare
fluid s homogeneously distributed across each transverse slice
and (jii} the assumption that By variations are insignificant over
small radial distances.

core el ral o

cores  ref MO ®
o =9 ref core core ;m (2)
Mgp X s

where ¢ is the porosity, Mp is the magnetization, p is the fluid

density, y is the mass {raction of water in the fluid, Vs is the sample
volurne within the slice and the labels "core” and "ref" refer to the
core and reference samples, respectively.

In principle the volume of the sample within the selected slice
can be derived from the By map; thus a porosity could be
calculated directly. In practise assumption (ii} facilitates the use of
a reference sample to calculate the porosity, normalizing the effect
of By inhomogeneities. The factor V&/VeL® is replaced by

(D“”IDCU’G}?, where D is the sample diameter, since the axial slice
thickness is constant. Assumplion (iii) above requires that the
diameters of the core and reference be nearly equal.

The fact that the recycle time between scans of 7s is greater
than five times the longest spin lattice relaxation time component
observed in these cores is inherent in the validity of Equation {2).

There are two additional factors affecting the applicability of
Equation (2), namely {i) uniform pulse excitation and (ii} probe
loading. The lirst arises from the differing NMA time domain signal
decay rates {i.e.,NMR linewidths) observed for the core and
reference samples. This is particularly important for the core
samples with decay rates determined by the distribution of local
magnetic fields imposed by susceptibility differences between the
pore fluid and the rock matrix. The NMR linewidths for samples A,
B, C, D and E, based upon a full width, half height ¢riterion, are
180, 220, 700, 170 and 160Hz, respectively. The linewidths for the
long Berea and Bedford samples are 680 and 160Hz. The effect of
nonuniform excitation would result in the measured NMR porosity
being systematically lower than the actual porosity. The second
factor arises from a degradation in the NMR coil performance due
to interaction between the coil and an electrically conducting
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sample. Higher porosity cores are most susceptible to probe
loading. The coil-to-core diameter ratio in these experiments
(~2:1) was chosen to reduce such probe loading effects.

The NMR data were acquired al fixed spatial intervals, typically
10mm, along the length of the core sample; this interval was such
that the selected slices overlapped, producing a smoothed profile.

CORE MEASUREMENTS

Physically slice selected NMR porosity profiles have been
obtained for three long core samples. Two of these samples,
Berea sandstone and Bedford limestone, are single cores of length
greater than the slice thickness. The third sample is a composite
constructed from five separate cores of dilferent types, the length of
sach being comparable to the slice thickness.

Core Preparation

Descriptions of the seven core samples studied are given in Table
2, The core samples were cleaned by extraction with methanol in
a Soxhlet apparatus for 48 h, air dried and vacuum dried at room
lemperature for a minimum of 48 h and weighed. The cores were
placed under vacuum (<imbar) for 24 h then saturated with
degassed brine (5.0 wi.% NaCl, 0.5 wt.% CaClo). The cores were
stored in brine.

Prior to measurement excess brine was removed from the
surface of the cores with a paper towel and the cores were
wrapped in poly{vinyl chioride} film during measurements to
reduce evaporation losses. The saturated mass of the cores was
recorded before and after NMR measurements. The difference in
these masses is negligible in comparison with the observed
discrepancy between the water content measured by NMR and
gravimetric methods.
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TABLE 2. Core descriptions.

Brine

Sample Description D L content Porosity

{mm) {mm) {g) (%)

- Berea 50,8 205 57.3310.05 13.4+0.1
sandstone

- Bediord 51.2 349 98.3%0.2 13.3+0.1
limestone

A Window 50.8 B63.3 22.94+0.06 17.4+0_1
Ledge
carbonate

B Sendji 50.6 63.5 40.06x0.02 30.5+0.2
dolomite

C Berea 50.3 B3.0 26.5310.08 20.6+0.2
sandstone

D NubiaC 48.6 57.2 11.6530.06 10.7+0.1
sandstone

E Madison 486 63.3 28.64%0.06 23.710.2
carbonate

- Composite ~50 ~310 129.8+0.1 20.8+0.1
A-E

Berea Sandstone Porosity Profile

The gravimetric porosity of the long Berea sandstone core, with a
mean diameter of 50.8mm and length 205mm, was 13.4+0.1%.
The core was supported in the glass former of the NMR probe
using Teflon rings. The core was moved through the probe in
10mm steps, the NMR porosity being determined at each posilion.
The results were processed as previously described and the
resulting porosity profile data are presented in Figure 7.

The results show the uniformity of the fluid distribution; the
measured NMR porosity varied by less than one porosity unit
across the sample. The low porosity values al the extremes in the
profile are due to the core not completely filling the slice; these
data should be disregarded. By integrating the NMR porosity
profile numericafly the mean NMR porosity {or the sample can be
computed and compared with the known value determined
gravimetrically. The mean NMR perosily is 13.0£0.3%; the first and
tast three porosity values were omilled from this calculation. The
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mean NMR porosity value is approximately 0.4% porosity units low
compared with the gravimetric value. This underprediction by
NMR is due to nonuniform excitation.

POROSITY (%)

g ——r———"7T 7T T7T 7T
0 5 10 15 20

POSITION (cm)

FIGURE 7. NMR porosity profile of the Berea sandstone
core. Uncertainty of each point is approximately 10.3-
0.4% porosity.

Bedford Limestone Porosity Profile

The gravimetric porosity of the Bediord carbonate core, with a
mean diameter of 51.2mm and length of 349mm, was 13.3+£0.3%.
This core was moved through the probe in 20mm steps with the
NMR porosity being determined at each position. The results were
processed as descrived previously and the resulting porosity
profile data is presented in Figure 8.

Again a uniform fluid distribution is observed. The mean NMR
porosity was calculated to be 13.8+0.3%, which is approximately
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0.5% porosity high. Comparison with NMR brine saturation
measurements for carbonate cores which fit completely within a
NMR probe indicates that subtraction of the residual signal from
the "dry" core will bring the result obtained here to within 0.2%
porosity units of the gravimetric value. This correction would not
be possible in an "on-line" NMR core analysis measurement.

15
gé‘ .
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g
13
12 — L —T T T T 1
0 5 10 15 20 25 30 35

POSITION (cm})

FIGURE 8. NMR porosity profile of the Bedford limestone
core. Uncertainty of each point is approximately +0.3-
0.4% porosity.

Composite Sample Porosity Profile

The five cores, A, B, C, D and E, were assembled into a composite
core to illustrate the spatial resolution attainable with the slice
selection probe. The ceres, detailed in Table 2, were arranged in
sequence so that the porosity varied discontinuously along the
sample. The composite core was moved through the probe in
10mm steps and data were acquired data at each position. The
NMR and gravimetric porosity profile results are shown in Figure 9.
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The NMR porosity profile clearly maps the trend in true porosity
variation along the sample.

The effect of positiening the slice profile such that two cores are
sampled simultaneously is clearly demonstrated by the smooth
NMR porosity profile as compared with the known discontinuous
gravimetric porosily profile. A minor complication is that each of
the data points requires a separate volume correction due to core
diameter variations. For the data presented here a simplified
correction has been applied; the diameter of the core occupying
the largest fraction of the slice was used in the calculation.
However, when the slice is equally occupied by two cores, the
mean of the core diameters was used.

A mean NMR porosity was calculated by numerically
integrating the porosity profile and dividing by the integration
range. This gives a value of 19.8+0.6% porosity; the gravimetric
porosity was calculated similarly giving 20.8+0.1%. The Iirst and
last three points were excluded from these calculations due to
incomplete filling ol the slice. Thus, this result demonstrates the
feasibility of spatially mapping heterogeneous brine saturations via
this method.

Two actions can be considered lo improve the accuracy of the
results obtained for this composite core; either reduce the slice
dimensions or incorporate software to deconvolve the NMR
porosity profile with the known slice profile to produce a closer
representation of the discontinuous gravimetric porosity. The first
oplion is impractical since reducing the probe strut iength will not
reduce the slice thickness sufficiently and may even result in the
probe not operating correctly, so the second approach is
considered here,

The software developed was used to model our experiment by
convolving the measured NMR axial slice profile with the
discontinuous gravimetric porosity profile; the resuit is shown as
the solid curve in Figure 9. This is the predicted NMR porosity
profile. Comparison of the predicted curve with the experimental
data demonstrates the good correspondence between the two,
validating the assumptions inherent in Equation (2).

Preliminary investigation of the deconvolution of the measured
NMR porosity profile with the NMR slice profile has been
conducled and optimization of this technigue is now in progress
(Robson, 1991).
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CONCLUSION

NMR coils have been tested and a protocol developed for the
measurement of porosity profiles in long core samples by the use
of physical slice selection. The feasibility of mapping porosity via
this method was demonstrated with three brine-saturated long core
samples: a Berea sandstone, a Bedford limestone and a
composite sample consisting of five different short cores.

An important extension of this method is that porosity maps of
mixed-phase saturated cores can readily be obtained using the
approximation that 1H densities in gil are equal to that in bring
{0.11 molicm3),

The measuremenis reported here were based upon an
acquisition time of 5-7 minutes per peint on the porosity profile. By
further optimizing the NMR parametlers it is quite feasible to expect
the total time for acquisition and data processing o be less than 1
minute per point.

To our knowledge these are the first published porosity profiles
obtained with physically slice selected NMR. The close agreement
between NMR and gravimetric data for these three cores
demonstrates the accuracy and practicality of porosily mapping
with this method. The physical slice selection technique described
here is applicable to a much wider range of core samples than ¢can
be studied quantitatively with NMR imaging methods.
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APPENDIX

NMR is a technique (Lauterbur, 1973, Sanders and Hunter, 1887)
that exploits the facl that certain nuclei, in our case 1H, possess
spin, 1, with an associaled magnetic moment, ., which is able to
interact with an applied static magnetic field, Bg. This interaction
produces a macroscopic magnetization, Mg, which is parallel with
Bg and directly proportional to the number of TH nuclei in the
sample. The magnelization, My, is rotated away fram the direction
of Bp by applying a pulsed magnetic field B4 perpendicular to By
and rotating at the NMR resonance frequency, w, given by

w=78Bg (A1)

where v is the magnetogyric ratio. Mg is rolated through an angle 0
where

0 =vBy1p (A2)

and tp is the time for which B4 is applied. Following the B¢ pulse
the magnetization precesses about Bp at the NMR resonance
frequency. This induces a current in the NMR coil which is
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detected as the NMR signal. The amplitude of this signal is

propertional to Mysin{yB1tp}, the component of Mp perpendicular to
Bg.

In a homogeneous magnetic field the relaxation of
magnetization toward equilibrium is characterized by the spin-
lattice relaxation time, Ty, for components parallel to By and the
spin-spin relaxation time T2, for componenis perpendicular to Bg.
Due to the presence of magnelic field inhomogeneities the
individual spins precess at different rates and the phase
coherence producing the resultant magnetization is lost. The
decay of the NMR signal is then characterized by T».

Phase coherence can be restored by applying a secoend By
pulse. The resulting NMR signal is termed a spin echo.

Spatial information can be obtained by making lthe applied
magnetic field a function of position, r, within the sample, using
magnetic field gradienis, G (Lauterbur, 1973). The NMR
resonance frequency is then

(D=]’(BO+T.G) (A3)

The resonance frequencies can be extracted from the NMR
signal by Fourier transformation of the NMR signal.



