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A concept is proposed to measure the pore size length scale by
the internal magnetic field (B i) in porous materials. The spatial

istribution of the magnetic field inhomogeneity, a result of the
agnetic susceptibility contrast between the porous material and

he fluid, reflects the underlying pore geometry. Diffusion in B i

causes the initial decay of magnetization. At long times, the effect
of B i saturates when the diffusion length reaches a characteristic
pore size. This method is independent of surface spin relaxation in
determining pore sizes. Nuclear magnetic resonance experiments
on packed glass beads and sedimentary rock samples will be
presented. © 2000 Academic Press

Key Words: internal magnetic field; diffusion; stimulated echo;
ore size.

INTRODUCTION AND THEORY

Although porous materials abound in our environment r
ing from naturally occurring rocks and woods to man-m
materials such as concrete and food products, the charac
tion of the internal geometry of such materials is by no m
simple. Statistical description of the pore space, such a
average pore size, is often most useful in understandin
physical properties of the materials, such as permeabili
fluid flow. Among many experimental methods, such as
BET and mercury capillary pressure, nuclear magnetic
nance has been used successfully to measure the surfa
volume ratio (̂S/V&) via spin relaxation (1) and to study por
structure using pulsed field gradient (PFG) techniques (2, 3).
From ^S/V&, one may deduce a pore size:d [ 6/^S/V&.
However, in materials with surface roughness and com
surface relaxivity such as is due to microporosity, inclusio
clay, and deviation from the fast diffusion condition, the
terpretation of the spin relaxation behavior might not
straightforward to determinêS/V& or the pore size distribu
tion.

When a porous material is subject to a uniform exte
magnetic field (B0), an inhomogeneous magnetic field (B i)
appears inside the pore space, due to the difference o
magnetic susceptibility (x) between the solid materials and
pore-filling fluid. One may estimate the magnitude of
internal field to be;DxB0, where Dx is the difference i
susceptibilities. The gradients of the internal field can be ra
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large in sedimentary rocks and other materials (4–6) and can
ause problems in magnetic resonance imaging (7) and measure

ments of the diffusion constant and spin relaxation (2, 8, 9).
We take the point of view that the internal magnetic fiel

a representation of the underlying geometry and describe
a method to explore thestatisticalproperties ofB i in order to
characterize pore geometry. We propose an experime
characterize the nuclear spin magnetization decay due t
fusion in the internal field (DDif) and obtain the pore len
scale in terms of the diffusion behavior. We have used
method to study the water diffusion behavior in packed b
samples of varying sizes and a sedimentary rock sample

The simplest form of the proposed experiment invo
application of a series of three radiofrequency (RF) puls
the Larmor frequency of the nuclear spin, separated by
intervalst e and t d:

p

2
–te–

p

2
–td–

p

2
–te–echo. [1

We denote the echo signal byE(t d). The notationp/2 denote
a RF pulse that rotates the spin vector by 90°. The sequ
called the stimulated echo sequence, was introduced by
(8) and has been widely used in combination with app
magnetic field gradients to measure diffusion constants10)
and to study the structure of porous materials (3, 11). In our
experiments, no applied gradients are necessary. In ord
calibrate the effect of the spin–lattice (T1) relaxation, the
following sequence is used:p

2–t e–p–t e–
p
2–t d–

p
2–FID, and the

free-induction decay (FID) signal is acquired as the refere
R(t e, t d). Thep pulse cancels the phase accumulation dueB i

and the FID signal measures only the effect of spin–la
relaxation duringt d. Effects of the spin–spin relaxation duri
t e are partially compensated by this sequence.

Neglecting relaxation, the echo intensity can be show
follow the equation below:

E~te, td! 5 E dx1dx2e
igte@Bi~x1!2Bi~x2!#P~x1, x2, td!, [2]

hereB i(x) is the internal magnetic field andg is the gyro
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magnetic ratio of the probed spins.x1 andx2 are the initial an
the final positions of a spin andP(x1, x2, t d) is the magnet-
ation diffusion propagator, the probability of the spin mag
ization to diffuse fromx1 to x2 during timet d. For t e ! t d, we
will neglect diffusion duringt e and focus on the diffusio
effect duringt d. At large t d, the diffusion distance may be
large as the pore size, thus we will consider the full sp
dependence ofB i(x).

At short t d, the diffusion causes an incomplete refocus
since^[B i(x1) 2 B i(x2)]

2& Þ 0, thus the echo decays, similar
he case of applied field gradients (8). Unlike the applied
radients, a crucial character is thatB i is bounded in magnitud

and the field variation occurs over the pore length scale.This
leads to a long-time asymptote of the signal independentt d,
and the time scale to reach this limit is the diffusion time ac
the pore dimension.

One may rewrite Eq. [2] in terms of the magnetic field,

E~te, td! 5 E
Bmin

Bmax

dB1dB2 3 eigte@B12B2#P̃~B1, B2, td!, [3]

whereP̃(B1, B2, t) is the diffusion propagator in theB i space
The general form ofP̃(B1, B2, t) may be difficult to evaluate
however, we may draw an analogy from the spatially bo
diffusion. For diffusion in a box of dimensiond, the mean
square displacement will rise at early time and saturatesd2

when the diffusion length is comparable tod, i.e.,t ; d2/ 2D 0.
D 0 is the bulk diffusion constant.

Similarly for the diffusion in the boundB space,P̃(B1, B2,
) will approachf(B1) f(B2) ( f(B) is the magnetic field distr-

bution function), uncorrelated with respect toB1 andB2, when
the molecule has explored the entireB i space at larget d. In this
limit, Eq. [3] can be evaluated,

E~te, td 3 `! 5 U E dBeigteBf~B!U 2

, [4]

independent oft d. Furthermore, it is the square of the mag-
tude of the free-induction-decay signal at timet e.

RESULTS AND DISCUSSION

Measurements were made to determineE(t d) andR(t d) for
several randomly packed bead samples of 30, 50, and 10mm

verage diameter. NMR experiments were performed
agnetic field of 2.14 T and thep/2 pulse length is 3ms. t e is

usually 1 ms or shorter and the list oft d is usually 25 or mor
data points between 1 ms and several seconds. For the 3mm
sample, thet e used was shorter.

The original data ofE(t d) and R(t d) for the 50-mm bead
sample are shown in Fig. 1A. The reference signal sho
single-exponential decay for over two orders of magnitude
-

al

g

s

d

a

a
d

thus the relaxation is in the fast diffusion limit due to w
surface relaxation. However, the echo signal shows a dra
fast decay at the shortt d. This additional decay inE(t d) is due
to diffusion in the internal field. Whent d increases, the dec
rate ofE approaches that of the reference signal and fort d .
1 s the two data sets are parallel in the semilog plot (Fig.
In order to separate the effect of the internal field, we calc
E(t d) 2 R(t d)k, shown in Fig. 1B and its inset. The parame
k is determined by the ratioE/R for t d . 1 s. The critical time
constanttDDif 5 1 s can be defined as the time when
B i-induced decay approaches zero.

Figure 2 shows the data for the 100- (A) and 30-mm bead
(B). Similar to the data for the 50-mm bead sample, the intern
field effect decreases ast d increases and thetDDif can be

btained as 3.5 and 0.5 s for the two samples, respectiv
In order to obtain the diffusion length scale attDDif , we have

calculated the mean square displacement (^r (t d)
2&) of water

molecules as a function of diffusion timet d. In porous mate-
ials, the effective diffusion constant of water is reduced c

FIG. 1. (A) The echo (h) and the reference (E) signals as a function oft d.
(B) The additional decay appeared in the echo signal due to an interna
obtained byE(t d) 2 R(t d)k. k is determined by the ratioE/R at larget d. The
inset in (B) shows the details ofE(t d) 2 R(t d)k approaching zero. The sam

as made of randomly packed glass beads (Duke Scientific Corp.) of 5mm
average diameter. The samples were saturated with water in 5-mm NMR
NMR measurements were performed using a homebuilt probe on a T
spectrometer at a magnetic field of 2.14 T (Nalorac Cryogenics, Inc.).
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pared to the bulk diffusion constantD 0 due to restriction (12).
This behavior has been characterized in terms of a
dependent diffusion constantD(t d) (13, 14) and an approxima-
tion was given in Ref. (15):

D~t!

D0
5 1 2 S1 2

1

aD
3

cÎt 1 ~1 2 1/a!t/u

~1 2 1/a! 1 cÎt 1 ~1 2 1/a!t/u
, [5]

wherec 5 (4/9=p)(S/V)=D 0. For packed beads of diame
d, =D 0u/d ' 0.15, a 5 1/0.64, and thesurface-to-volum
ratio S/V 5 9.8/d. Using the above equation, the mean
placement can be calculated asDr (t) [ =2D(t)t for individ-
ual bead size. The diffusion length scale defined byDr (tDDif ) is
listed in Table 1 and it corresponds well to the bead diam
of the corresponding samples. This result demonstrate
utility of Dr (or tDDif ) as a measure of the pore dimension

According to Eq. [4], the reduction of the echo sign
normalized by the effect ofT1 relaxation, is independent oft d

FIG. 2. The internal field induced decay,E(t d) 2 R(t d)k, for samples o
A) 100-mm beads and (B) 30-mm beads. The insets show the regions w

E(t d) 2 R(t d)k approaches zero.k is determined by the ratioE/R at larget d

for each sample.
e-

-

rs
the

,

at longt d. This is shown in Fig. 3for the 30-mm bead sample
The T1-normalizedE was found a constant fort d . 0.4 s and
he data att d 5 0.4 and 1 s were plotted in Fig. 3. Thet e

dependence of the normalizedE is consistent with the squa
of the FID signal shown as the line, in good agreement with
[4].

We have also performed experiments on a sedimentary
sample, Fontainebleau 2, used in a previous study (16). The

easured echo height showed a behavior very similar t
bservation from the packed bead sample, namely the ini
ecay and the eventual constant echo height. A critical
an be obtained,tDDif 5 0.756 0.05 s, and a critical length c

be defined:l DDif [ =2D 0tDDif 5 52 mm, whereD 0 5 1.77 3
1025 cm2/s is the bulk water diffusion constant at room te-
perature. Although a close approximation between the
diameter andDr (t) was observed for the packed bead sam
we do not expect it to be exact for general geometry. The s
of the pores as well as the grain size distribution will undo
edly alter the magnetic field distribution as characterize
E(t e, t d). Previous measurements of the time-dependent d-
sion constants (16) determined 1/̂S/V& 5 7.1 mm and thu

TABLE 1
Bead Sizes and the Measured DrDDif and lDDif

Sample
Bead diameter

(mm)
Dr DDif

(mm)
l DDif [ =2D 0tDDif

(mm)

A 30.6 346 3 426 4
B 50 526 5 596 5
C 105 1006 10 1106 10
Fontainebleu 2 — — 52

Note.The water diffusion constant (D 0) is taken to be 1.773 1025 cm2/s.

FIG. 3. TheT1-normalizedE as a function oft e at longt d for the sampl
ade of 30-mm-diameter beads. TheT1-normalizedE becomes a consta

aroundt d 5 0.4 s and the data are shown fort d 5 0.4 and 1 s. The line is th
square of the FID signal acquired by ap/2 pulse. According to Eq. [4],E(t e,
t d 3 `) 5 uFID(t e)u2, consistent with the measurement.
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one may estimate the pore diameter to be 6/^S/V& ' 42 mm for
spherical pores. A cross-sectional image of the sample (in
Fig. 4) is obtained by optical transmission microscopy fro
30-mm section of the sample. The pore space is represent
the blue regions because of the blue epoxy impregnation
to sectioning, showing the size of the large pore to be 100mm.

CONCLUSIONS

The susceptibility contrast (Dx) of water and sedimenta
rocks varies from 1026 to 1024 (SI unit) and an internal ma-
netic gradient as high as 10 T/m may be present at 50 mT6).
The magnitude of the internal field induced decay is d
mined by gt eDxB0, an experimentally controlled quanti

his leads to one of the advantages of this method tha

FIG. 4. DDif measured for a sandstone rock sample (Fontainebleau

DDif is obtained to be 0.75 s, andl DDif 5 52 mm. The inset shows an image
blue epoxy before the sample was prepared. The size of the large pore
of
a
by

ior

r-

he

signal loss due to diffusion can be very low. For examp
10–20% decay inE is adequate in contrast to the rat
significant decay of signal in a conventional PFG exp
ment (3).

This experiment can be performed at a variety of mag
fields, especially at high magnetic fields wheret e can be
shortened to extend the minimum detectable length sca
submicrometers. The maximum detectable length using w
is approximately 100mm, limited by the relaxation time.
addition, this technique can be used with any NMR-sens
nuclei, such as xenon gas, to enhance the maximum dete
length scale to millimeters.

In summary, we have demonstrated the validity of a
method for characterizing pore sizes in packed-bead sa
and sandstone rock. The concept is based on the variat

The internal field induced decay is shown byE(t d) 2 R(t d)k, a critical time constan
he thin section of the sample. The blue regions are the pore space fille
s approximately 100mm.
2).
of t
s i
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the internal magnetic field and is independent of the su
relaxation properties. The experimental implementation is
ple and without the use of pulsed field gradients. This t
nique may be applied to the study of the complex geomet
materials such as sedimentary rock, cement, membrane
biological media.
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