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The internal structure of systems of particles in a liquid is stud-
ied with a novel NMR technique based on the measurement of the
squared modulus of the magnetization in presence of a pulsed field
gradient. The formalism is analogous to the one used in classical
scattering techniques (light, X-rays, neutrons); it allows similar
information to be obtained about the structure (in particular, the
structure factor S(q)). The main improvement is that the range
of particles sizes is 10 um to 1 mm, as compared with the range
of the scattering techniques (<5 pm). The NMR technique was
validated by studying packings of spherical particles of mean di-
ameter 240 pm created by sedimentation. The profile of the experi-
mental squared modulus of the magnetization versus the wave
vector provides results for the mean size of particles and the com-
pacity. The main feature is that it depends on the pair distribution
function, and the present results are in good agreement with a
model based on the Percus—Yevick approximation. This technique
is then particularly adapted to systems such as non-Brownian
suspensions, fluidized beds, porous media, and sediments. © 1998

Academic Press

INTRODUCTION

The techniques of light scattering, small-angle X-ray scat-
tering, and small-angle neutron scattering are currently used
to characterize colloidal systems. These techniques are use-
ful to determine the size of dispersed particles in a solvent
and the structure of a colloidal system through the pair corre-
lation function 1 — g(r), where g(r) is the pair distribution
function defined as the density of probability to find a couple
of particles separated by a distance r. However, al three
techniques have limited ranges of application (1-3), the
accessible length scales being related to the range of values
of the scattering wave vector which can be scanned (102
A~ < q<2A*by X-ray scattering; 10 At < q < 2
é’l by neutron scattering; 2 X 10 °A™ ' < gq< 2 x 1073
A ' by light scattering) . These techniques are thus adapted
to systems with particles of small size, the maximum being
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5 pm in the case of the light scattering method. They are
inefficient for systems with a larger characteristic size such
as non-Brownian suspensions, porous media, and fluidized
beds. In this paper, we show that information about the
structure of systems with a characteristic size larger than 10
um can be gained with NMR, the pair correlation function
being derived with a formalism analogous to the classical
scattering techniques.

The pulsed field gradient spin-echo (PFGSE) NMR tech-
nique has been used for many years to study diffusion and
flow in porous media. This method provides information
about the microstructure in the host material when bound-
aries hinder normal diffusive transport (4). Recent works
point out that the distribution of probability of the molecular
displacements P( Az, t), along the z axis, during an interval
of time t, can be obtained using the PFGSE sequence; the
echo signal M; being a function of the intensity of the field
gradient G, the probability P(Az, t) then appears as the
Fourier transform of M;(G). This technique has been intro-
duced by K. Fukudaand A. Hirai (5) in order to find the axial
distribution of probability of velocity in aliquid flowing in
a cylindrical channel, then by J. Karger and W. Heink (6)
to study the n-hexane diffusion in a loose assemblage of
NaX zeolite crystallites. The analogy between NMR in the
presence of a pulsed field gradient and diffraction was
pointed out by P. Mansfield and P. K. Grannel (7) in the
context of NMR imaging. More recently, diffraction-like
effects in PFGSE experiments have been discussed for the
diffusion both in connected structures (8) and in imperme-
able structures (9). It was also demonstrated by D. G. Cory
and N. Garroway (9) that when boundaries hinder normal
diffusive transport of the particles, the distribution of dis-
placements P(Az, t) then approaches the fluid density auto-
correlation function in the container for large values of the
duration t of the NMR sequence. Thus, in the case of re-
stricted motion in an enclosed pore, PFGSE experiments are

1090-7807/98 $25.00
Copyright © 1998 by Academic Press
All rights of reproduction in any form reserved.



288 TALINI, LEBLOND

mathematically similar to the experiments of optical diffrac-
tion through a single dot. P. T. Calaghan et al. (10) have
independently developed this analogy for porous media with
connected pores, in which a spin-bearing molecule originat-
ing in one pore can migrate to other pores. Provided the
time scale for the diffusion within pores is much shorter
than for the diffusion between pores, P(Az, t) becomes the
product of the pore density by the probability of jJumps be-
tween pores; in an assembly of monodisperse polystyrene
spheres where the pore spacing isroughly equal to the sphere
diameter (18.8 um), the PFGSE—NMR experiments are
used to obtain by a Fourier transform the ‘*image’’ of the
pore autocorrelation function convoluted with diffusion-
weighted three-dimensional lattice correlation function. In a
recent work, G. A. Barral et al. (11) have used NMR im-
aging to obtain the density autocorrelation function in struc-
tural materials. For NMR imaging, the spatial information
is encoded by applying a magnetic gradient field G during
atimet. A particle situated at a position r then induces a
phase shift k- r, k being the wave vector defined as

k=v-G-t, [1]
where v is the gyromagnetic ratio for the proton.

The volumic density of nuclei p(r) is extracted by a Fou-
rier transform of the signal M (k) considered as a function
in k-space. Applying the Wierner—Khintchin theorem, the
authors have shown that the density autocorrelation function
isrelated to M (k) by

1

(p(r)-p(r + Af)>=W

[ Mgz s, 2

where V is the measurement volume and ( ) denotes an
average over al possible positions within the sample volume
V. By definition, {p(r)-p(r + Ar)) is the Patterson func-
tion, which is characteristic of the structure. This concept
was applied to the study of nylon monofilament fibers packed
in glass tubes filled up with water, the fibers being in a
vertical position. Using a slice NMR imaging technique,
Barral et al. obtain the Patterson function of the image of a
radial dlice of the fibers by measuring the modulus of the
signal.

In this paper, we show that systems with particles of any
shape, possibly in motion, can be studied by NMR in pres-
ence of a pulsed field gradient. The formalism being similar
to one of the classical scattering methods, we can obtain
information about the size and shape of particles, and about
the structure of the system through the pair distribution func-
tion. It is shown in the first section how this function can
be obtained by studying the squared modulus of the signal.
The presentation is speciaized here to the case of spherical
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FIG. 1. Measurement zone of the spectrometer.

particles. We then consider in the second section the particu-
lar case of a homogeneous suspension. The technique is
applied to packings of spheres created by sedimentation. The
experimental procedure and results are then presented in the
third section. The experimental result for the pair distribution
function is compared to the one obtained by the Percus—
Yevick theory in the fourth section.

MAGNETIZATION OF A SUSPENSION IN A PULSED
FIELD GRADIENT

Consider a suspension of particlesin aliquid rich in pro-
tons. When a magnetic field is applied to the suspension,
the main resulting magnetization is that of the liquid. The
following formulation is valid for particles of any shape but
will later be specialized to spheres.

A simplified representation of the spectrometer is shown
in Fig. 1. The sampleis placed in avertica tube of diameter
D = 1 cm. A superconducting coil createsavertical magnetic
field B, = 2.35 T and induces a macroscopic magnetization
in the sample. In the center of this coil, an NMR saddle coil
is placed around the tube to deliver radiofrequency pulses
at the resonance frequency of protons and to detect the mag-
netization. The saddle coil influences the volume V = 0.5
cm® of a cylinder of radiusr = 0.4 cm and height h = 1
cm which defines the measurement zone. The gradient field
pulses are provided by a quadrupole gradient coil perpendic-
ular to the tube that generates a vertical pulsed field gradient
G of up to 0.88 T/m. The NMR sequence is described in
Fig. 2. Ataninitia timet; , an impulsetilts the magnetization
onto the horizontal plane in the direction of the x axis. It is
followed by a constant pulsed gradient field. The signa de-
tected in the radiofrequency coil immediately after the in-
stant t; is proportional to the magnetization inside the coil.
p(r, t) is the spin density of protons in the suspension at
timet, and f (r) the apparatus function which describes the
sensibility map of the radiofrequency coil. This function is



PFG NMR TECHNIQUE FOR DETERMINING INTERNAL STRUCTURES

n/2)x

constant gradient

ignal
/ signa

t, time

FIG. 2. NMR sequence considered for the calculation includes a 7/2
impulsion and a constant field gradient simultaneously.

normalized so the maximum value is 1. The expression for
the magnetization of the measurement zone at time t; then
is

WH=LMLHWNR [3]

where E is the whole space.
When a pulsed field gradient G is applied starting from
time t;, the magnetization at time t; + tis (8)

M(K, t) =fp(r,ti)f(r)e"k"dr. [4]

The movements of protons during t are thereby neglected,
and the wave vector k = y- G-t is introduced, where vy is
the gyromagnetic constant of the proton. The magnetization
appears in Eq. [4] as the Fourier transform of the product
of the spin density and the apparatus function. There is here
an analogy with the techniques of light, neutron, and X-ray
scattering in which the scattered amplitude appears as the
Fourier transform of the volumic polarizability, density of
scattering length, and density of electrons, respectively [ see,
eg. (1), (2),(3)]. Theseclassical techniquesgive informa-
tion about the structure of dispersed media by studying the
squared modulus of the scattered amplitude. In a similar
way, the squared modulus of the magnetization may provide
a characterization technique for the structure of the suspen-
sion. For this purpose, we first calculate the magnetization
due to an ensemble of particles in a liquid.

Assuming that the protonsare only in theliquid, the proton
spin density of the suspension is

p(r,ti)=po<l—Zh;(r—r;,ti)>- [5]

j=1
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where p, is the spin density of particle-free liquid, and h(r
— ;) is a characteristic function defined as

h(r —r;,t)=0
if r corresponds to a point in the liquid
h(r —r,t) =1
if r corresponds to a point in a particle.
We can remark that h; depends on the shape of particles and
is therefore different for each particle in the most general
case.

By substituting the spin density given by Eq. [5] into Eq.
[4], we obtain

M(k, t) = po(f (k) — Ms(k, 1)), [7]

where f (k) is the Fourier transform of the apparatus func-
tion:

f (k) fEf(r)ei'k"dr [8]

and Mg(k, t), withr’ =r — r;, is given by
Ms(k, t)

N
=Y ekrd f f(r' +r)h(r’,t)e"*"dr’. [9]
j=1 E

In the integral of the previous equation, the function h(r,
t;) is nonzero inside the volume v; of particle j; hence, the
integration is reduced to the volume v;. However, since v; is
much smaller than the measurement volume V, the apparatus
function defining V may be taken as constant in v;, which
yields

f(r' +r) = 1(r;). [10]

Using this expression, the magnetization can be written as
N

M(k, 1) = pof (K) = po 3 uF (K, e (r)), [11]

j=1

where vjf:(k, j) is the Fourier transform of hi(r, t;):
yF(k,j) = f h(r)e'"* dr. [12]
E

Henceforth, F(k, j) iscalled theform factor of particlej. We
shall now simplify the calculation by considering spherical
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particles of the same size. The form factor has then a classi-
cal form well known in the light scattering literature:

sin kR — kR cos kR

F(kR) = 3 R ,

[13]

where R is the radius of spheres and k the modulus of the
wave vector k. The expression for the magnetization of a
monodisperse suspension of spherical particlesis eventually

M(K, t) = pof (k) — pwF (kR) % e (ry). [14]

Squaring the modulus of the magnetization in Eq. [14],
we obtain
IM(k, t)]?
= p§ If (k)|> = 2p3vF (kR)Re
N
X (f(k) > e“’k"if(rj)> + p3v?F3(kR)
j=1
y ]
e T (r) f(n),

1

X % [15]

=1i

where Re( ) represents the real part. The first term is
the signal of the particle-free liquid. By analogy with the
scattering techniques, it corresponds to the nonscattered
signal. The second term is called the ‘‘cross term.”” The
last term is the important part of the signal, the one that
gives information about the internal structure; it is called
the *‘structure signal.”’

The expression Eq. [15] depends on the configuration of the
spheres. It appears as a picture of the system. A quantity
more adapted to a set of experiments is obtained by averag-
ing Eq. [15] over al possible configurations of particles for
the system. This ensemble average is denoted ( ) and the
mean squared modulus of the magnetization is written as

(IM(k, )1
= p5- IT(K)|? — 2pfuF (kR)Re

X (f‘(k) <§ e itk -f(rj)>> + pZu?F?(kR)

X<§§é*mmumﬂm>. [16]

Two different sums of exponentials appear: in the crossterm,

<§ e—i.k-rj .f(rj)> ,

[17]
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and another one linked to the structure,
N N )
<z z el.k~(r1f|)f(rj)f(ri)> . [18]
j=1i=1

In order to calculate the ensemble average in Eq. [17],
we introduce the statistical average particle density, denoted

n(r):
<§ e"""j-f(rj)> :fn(r)f(r)e*"k'rdr. [19]

Let us also define

m(r) = n(r)-f(r) [20]
and its Fourier transform:
m(k) = f m(r)e"*rdr. [21]

In this notation, the ensemble average of the cross term may
be written as
Mc = —2p3vF(kR)Re(f (k) m*(k)), [22]
where m* (k) is the conjugate of m(k).
We have to calculate the ensemble average in Eqg. [18],
which can be written as a sum of two terms:

<§§é*Wmumum>
j=1i=1
=<§Nm§+<§§€*“ﬂﬁuoum>.ma

j=1li#j

Let the two terms on the right-hand side be Ms, and Ms,.
The first term is the ensemble average of the function
[f(r)]?, which we denote as N,

[24]

where

N :f[f(r)]zn(r)dr. [25]

The second term, Ms,, depends upon the position of two
particles. It is then useful to introduce the probability n(r,
r,)dr.dr, to find simultaneously a sphere center in the vol-
umedr, in thevicinity of positionr,, and another one inside
the volume dr, in the vicinity of position r,. The relative
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ordering of particles in the suspension is assumed to be
sufficiently homogeneous inside the measurement volume
(excluding wall effects) for the pair probability density n(r 4,
r,) to be written as a product of average particle densities
ar,, r, and afunction depending only on the relative posi-
tion of the two sphere centers, r, — r:

n(ry, r2) = n(rz)-n(r.)-g(r2 — r1). [26]
Here, g is the pair distribution function, a fundamenta pa-

rameter of the internal structure of dispersed media
Let

ri=r'’

r—ri=r. [27]

Using Eq. [26] and variables r and r’, the second term in
Eqg. [ 23] becomes

|V|52 = J;J;ei'k-rm(r + r’)m(r’)g(r)drdrr_ [28]

We assume that distant particles are uncorrelated:

lim g(r) = 1.

lIrl—ee

[29]

This property leads us to introduce g(r) — 1 in the expres-
sion of Ms;:

Ms,
= J;J;ei'k"m(r +r)Ym(r’)drdr’ + fEJ;

x e ™*'m(r + r")ym(r")(g(r) — 1)drdr’. [30]

The first term in the right-hand side is the squared modulus
of the Fourier transform of the function m(r). In the second
term, we remark the autocorrel ation function of m(r ) defined
as

A(r) = J; m(r + r’)m(r’)dr’. [31]

Finally, the mean structure signal (thelast termin Eq. [16]),
denoted Mg = p3v?F?(kR)(Ms; + Msy), is written

Mg
= p3u?FA(kR)IM(k)|? + pGu”F2(KR)N

— p2u2F2(kR) f (1 - g(r)A(r)e*rdr. [32]
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Collecting the averaged cross term Eq. [ 22] and the struc-
ture signa Eqg. [32] into Eq. [16], the general expression of
the averaged squared modulus of the magnetization becomes

(IM(k, )%

= p5- (1T (k)I? — 20F (kR)Re(f (k) - m*(k))
+ v2F?(kR) |m(k)|?) + p&v?F?(kR)

><<N —f(l—g(r))A(r)e""'rdr> : [33]
This equation can be further reduced to
(IM(k, t)1%)
= p5- [(f (k) — vF(KR)M(K)|? + p3v’F?(kR)
X (N - f (1- g(r))A(r)e“‘"dr) . [34]

Thisresult is valid for a suspension of monaodisperse spheri-
cal beads. We aso assumed that the pair probability is of
theform of Eq. [ 26], neglecting the wall effects, and keeping
only pair interactions. The analogy with the light scattering
is obvious. Since the first term in Eq. [34] is the analogue
of the nonscattered rays, we call it the direct signal. The
second term is similar to the 1 (q) intensity function (2). In
that case k is simply replaced by g in the expressions, and
the squared form factor F2(qR) is multiplied by the structure
factor S(q) = N + fE [1—g(r)]A(r)e" 9 dr. The structure
factor denoted S(q) for the scattering techniques and S(k)
for the NMR technique describes the microscopic structure
through the pair distribution function g(r).

PARTICULAR CASE OF A HOMOGENEOUS
SUSPENSION

In order to further smplify the problem, the suspension
is now assumed to be homogeneous, that is, the number
density of particles in the suspension is constant,

n:—:—,

il [35]

where ¢ is the volume fraction.
In this case, m(r) = nf(r), and Eq. [ 34] becomes

(IM(k, )12
= p3 IT(K)12((1 = ¢F(kR)))? + piupF2(kR)

X <F(0) —%f (1- g(r))F(r)e““dr) , [36]
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where F(r) is defined as the autocorrelation function of

f(r):

F(r) = fEf(r +r")f(r")dr’. [37]

We dready assumed that distant particles are uncorrelated
(Eqg. [29]). More strictly, we assume here that the correla
tion length is short compared to the cell dimensions. This
is usually the case of settling dilute suspensions of spheres
(12). It isintuitive that the correlation length decreases with
increasing concentration. Thus, in the lack of evidence of
the contrary, we also take the assumption that the correlation
length is short in a random packing of spheres. Conse-
quently, the integral in Eq. [36] is nonzero in a volume
where the function f (r) is constant in afirst approximation.
Hence, we can writef (r +r’) =~ f(r’), and for the autocor-
relation function F(r),

F(r) = F(0). [38]

Finally, we obtain

(IM(k, ) %)
= p3 1T ()| ((1 = ¢F(kR)))? + pudpF?(kR)F(0)

X <1 - %f (1- g(r))e""'“dr) .

As the field gradient G is vertical in the experiments, k - r
is replaced by k-zin Eq. [39].

Consider now the apparatus function f (r). As afirst step,
let us assume that f(r) is the characteristic function of a
cylinder of height h and diameter D, that is, in cylindrical
coordinates, f(z, p, 0):

[39]

. h D
f(z2)=1 if——=z=— andr = —;
2 2
[40]
. h D
f(z)=0 ifz>—-orz<——- andr=—_.
2 2 2

Then the Fourier transform of f(r) is given by a‘‘cardind
sine’”’ function:
f (k) = VI (kh), [41]
where f (kh) = sinc(kh/2).
The volume V is that of the measurement zone (V = n(D/

2)2h). Hence, the autocorrelation function F (0) hasasimple
form:
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FIG. 3. Comparison between the amplitudes of the direct signal propor-
tional to T (kh)? = sinc?(kh/2) (1), and the structure signal proportional
to the squared form factor F(kR)2 (2). (a) F(kR)? and 50 sinc?(kh/2).
(b) F(kR)? and 10° sinc?(kh/2).

F(0) = V. [42]

Equation [39] can be written as

(IM(K, t)1%)
= pV2F 2(kn) ((1 — ¢F(KR)))? + piV ¢F 2(kR)

X (1 —%f (1- g(r))e”‘zdr> :

The order of magnitude of the direct signd is p3Vv*f ?(kh)
and that of the structure signal is p2vV ¢F 2(kR). The ratio
of the direct signal to the structure signal can then be esti-
mated to be of order V/v¢. For a suspension of spheres
of diameter 240 um with a volume fraction of 10%, in a
measurement zone of volume V = 0.5 cm®, thisratio is equal
to 7 x 10°. Thus, the interesting part of the squared modulus
of the magnetization is very small when compared with the
peak of the direct signal. Moreover, the Fourier transform
of a cylindrical apparatus function is a cardinal sine (Eq.
[41]), that is, strongly oscillating. The structure signal is
then screened by the oscillations of the direct signal, as
shown in Fig. 3. Hence, a‘‘cylindrical’’ apparatus function
would not be adapted to the analysis of the structure signal.
The actual apparatus function f(r) can be measured by
NMR, using the same sequence with a sample of particle-
free liquid. The expression for the magnetization then boils
down to consider ¢ = 0 in Eq. [11]:

[43]

M(k, t) =P0f~(k)- [44]
That is, the magnetization is the Fourier transform of f(r)
with amultiplicative constant. With the present experimental
setup, the apparatus function only varies along the vertica
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FIG. 4. Experimental result for the apparatus function f(z) which is
characteristic of the spatial sensitivity of the detection coil along the z axis.
The apparatus function is normalized so that the maximum value is 1.

z and can be described by f (z). The experimental result for
f(2) is illustrated in Fig. 4. The genera shape is similar
to a Gaussian; thus, the Fourier transform f (k) has lower
oscillations than the Fourier transform of a cylindrical form
and does not screen the structure signal.

We therefore established that the NMR technique using
a pulsed field gradient is efficient in the study of dispersed
media containing particles embedded in a liquid, such as
suspensions. The signal is created by the liquid but gives
information about the particles and their configuration. The
method consistsin following the evolution of the magnetiza-
tion during the application of a constant gradient field. The
squared modulus of the magnetization then depends on mi-
croscopic characteristics of the system, such asthe mean size
of particles and the Fourier transform of the pair distribution
function. The expression of the averaged squared modulus
of the magnetization is similar to the one of the scattered
intensity of the techniques of light, small-angle X-ray scat-
tering, and small-angle neutron scattering, but NMR allows
study of systems of larger dimensions.

The classical scattering methods are indeed efficient for
particles with a maximum size of 5 um. For the NMR tech-
nigue, the range of accessible particle sizes can be estimated
as follows. The largest size is fixed by the measurement
volume, which corresponds to the range of efficiency of the
detection coil. In the experiment, this volume being a cylin-
der of height h = 1 cm, it would be difficult to study systems
with a particle size larger than about 1 mm. The smallest
size corresponds to the largest wavenumber k in Fourier
space, and since k = yGt, it corresponds to the largest practi-
cally feasible duration t for the NMR sequence. First, the
NMR signal decreases because of longitudinal and trans-
verse relaxations (characterized by two relaxation times T,
and T,) and heterogeneities of the magnetic field in the
measurement zone. In the experiment, the transverse relax-
ation time T3 (which is a combination of T, and the effects
of heterogeneities of the magnetic field) is about 10 ms. It
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corresponds to a minimum size of 5 pm. On the other hand,
we have assumed until now that the spins in the liquid are
fixed during the application of the field gradient (duration
t). This hypothesis implies that the movement of the liquid
during t is small compared with the diameter of the particles.
In particular, the displacement of the liquid due to the ther-
mal agitation must be negligible,

V2D¢t < d,

where Dy is the coefficient of self-diffusion of the water
and d is the diameter of the particles. With a maximum
duration of 10 ms the condition on the particles diameter
isd > 12 um.

In conclusion, the range of accessible sizes by the NMR
technique is 10 um to 1 mm. It completes the range of usual
scattering techniques as shown in Fig. 5. This technique is
therefore particularly adapted to media with characteristic
sizes of about 100 pm, such as suspensions of non-Brownian
spheres.

[45]

EXPERIMENTAL PROCEDURE AND RESULTS

In order to test the experimental technique, we have cho-
sen to study here packings of hard spheres, then avoiding
problems due to the displacement of particles. Note that it
would also be possible to study systems in motion such as
suspensions or fluidized beds, provided the displacements
during the NMR sequence are negligible compared with the
diameter of the particles. The particles used are polymer
beads of mean diameter 240 pm, and a size standard devia-
tion of 10 um. The liquid, an akylbenzyl phthalate, is a
plasticizing liquid manufactured by Monsanto. It is appro-
priate to the study of suspensions because of its large viscos-
ity (1300 times the viscosity of water at 27°C) and its New-
tonian behavior when submitted to a weak shear flow. The

3
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FIG. 5. Range of particle sizes accessible by the NMR technique as
compared with the other classical scattering techniques.
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FIG. 6. The gradient echo sequence used in the NMR experiment.

liquid and beads are in glass tubes of inner diameter 0.8 cm.
After mixing with a metallic rod, we wait for 24 h for the
spheres to settle to the bottom of the tube. The Stokes sedi-
mentation velocity is here 2.5 um-s™.

The pulsed NMR spectrometer is a 100-Mhz Brucker
ASX-100. A vertical superconducting coil generates a mag-
netic field of 2.35 T. A diagram of the spectrometer is shown
in Fig. 1. We have aready described the detection and gradi-
ent coils in the first section. The maximum gradient field is
0.88 T/m, thisvalue being obtained by measuring the molec-
ular diffusion coefficient of water. The NMR sequence is
shown in Fig. 6. Thisis a gradient echo sequence equivalent
to the sequence used in the theoretical calculation displayed
in Fig. 2. The sguared modulus of the magnetization must
be averaged over many configurations in order to obtain a
significant ensemble average. For that reason, we use several
tubes containing the same sediment, and for each tube we
measure the magnetization at different vertical positions. As
was shown in the first section, the structure signal is 10°
lower than the direct signal. We therefore accumulate the
signal 2000 times, in order to extract the interesting part
from the noise.

The free induction decay (FID) shown in Fig. 7ais char-
acterized by a relaxation time T3 . The curve oscillates be-
cause of the existence of two different resonance frequencies
in the NMR spectrum of the liquid. These oscillations are a
hindrance for the signal. In order to eliminate them, the same
signal is superimposed with a delay corresponding to half a
period of the oscillations. This period is 1.6 ms; the duration
D, (cf Fig. 6) in the second experiment is Dy, + 0.8 ms,
where D, is the duration of the first experiment. The result
of the superposition (by adjusting a coefficient for minimiz-
ing the oscillations) is shown in Fig. 7b. The averaged
squared modulus of the magnetization is divided by the cor-
rected FID.

The experimental data for the squared modulus of the
magnetization are shown in Fig. 8. Figure 8a displays the
curve corresponding to a single configuration, whereas the
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FIG. 7. Free induction decay. The rea part of the magnetization ob-
tained without a pulsed field gradient is represented as a function of the
time(k=y- G-t).(a) Experimenta curve with oscillations. (b) Corrected
experimental curve without oscillations.

curve in Fig. 8b corresponding to the accumulation of 20
configurations is an estimate of the ensemble average of the
squared modulus of the magnetization. This curve can be
interpreted from Eq. [43]. The first term of the expression
appears as the largest peak, the base of which is visible in
the left-hand side of Fig. 8. This term corresponds to the
direct signal. The second term, which depends on the struc-
ture of the medium, appears as the remaining part of the
curve and is characterized by the second-largest peak. In
both graphs, the signal vanishes right after the second peak.
This behavior reflects the first zero of the form factor F(kR)
(see Fig. 9) which is a multiplicative factor in the structure
signal in the second term of Eq. [43]. The zero is obtained
for kR = 4.49, and we give in Table 1 values of the corre-
sponding modulus of the wave vector k for several values
of the diameter of the spheres. The actual experimental value
isk = 0.041 yum™, which in Table 1 is associated with a
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FIG. 8. Experimental results for the squared magnetization modulus.
The curves are normalized so that the value of the amplitude of the second
largest peak is 1. (a) Typical result using a single configuration in particles.
(b) Accumulation over 20 different configurations.
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FIG. 9. Form factor F(kR). The first zero occurs for kR = 4.49.

diameter of 220 um. This result is in good agreement with
the value of the mean diameter of the sediment (240 um),
the difference being less than 10%. The influence of the
particle size polydispersity on the form factor can be taken
into account. A Gaussian distribution of sizes with a mean
diameter of 240 um and a standard deviation of 10 um gives
the form factor represented in Fig. 10, this size distribution
being a model for the experimental one which is determined
by optical microscopy. The amplitude of this function is
adapted in order to compare it to the experimental result
close to the extinction. In this case, the shape of the form
factor approaches the behavior of the experimental curve
with a good agreement.

The NMR technique has thus been proved efficient for
studying the characteristics of particle size in a suspension.
It should be emphasized that the form factor hasto be known
with good precision, since it multiplies the measured struc-
ture factor in the expression of the signal. The influence of
the polydispersity may also make the determination of the
structure signal difficult. Moreover, we have shown that the
signal isrelated to the pair distribution function. Asthis pair
distribution function may be obtained for an ensemble of
spheres by the theory of Percus—Y evick, we now consider
the NMR signal corresponding to this model.

PERCUS-YEVICK MODEL FOR THE CALCULATION OF
THE SQUARED MODULUS OF THE MAGNETIZATION

An equilibrium distribution of hard spheres is well de-
scribed by the Percus—Yevick theory, in which only pair

TABLE 1
Values of the Modulus of the Wave Vector k Corresponding to
the First Zero of the Shape Function, for Different Values of the
Diameter of the Spheres

200
0.0450

220
0.0410

240
0.0375

260
0.0340

280
0.031

Diameter (um)
k (um™)
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FIG. 10. Comparison between the first extinction of the experimental
result with the form factor of particles of diameter 220 um and the form
factor of an ensemble of particles with a Gaussian size distribution d =
240 + 10 pm. The amplitude of the form factors is adjusted to the experi-
mental curve.

interactions are taken into account. The solution of Percus—
Yevick is well known, is analytic, and is valid even at high
concentrations (13).

The ensemble average of the squared modulus of the mag-
netization is given by Eq. [43]. In order to calculate the
second term in the right-hand side, that is, the structure
signal, the Fourier transform of the function h(r) = g(r)
— 1 must be estimated. h(r) can be simplified by assuming
that the pair distribution function does not depend on the
direction of the position vector r. The structure signal then
becomes

Mg = p3uvV ¢oF 3(kR) <1 + % F](k)) , [46]
in which h(k) is the Fourier transform of h(r). The expres-
sion of the function h(k) for an ensemble of hard spheres
using the Percus—Y evick approximation is given by Mandel
et al. (14). The anaytical formulae are recalled in the Ap-
pendix.

The sguared modul us of the magnetization has been calcu-
lated for volume fractions ranging from 5% to 55%. The
results are shown in Fig. 11. The curves are characterized
by alarge peak. The amplitude of this peak increases with
the concentration, and its position is proportional to ¢*/3.
The experimental compacity of the packing is measured by
NMR. The magnetic signal obtained immediately after tilting
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FIG.11. ThePercus—Y evick model. Thestructure signal ¢F (kR)?2 S(k)
for suspensions of different concentrations of particles from 5% to 55% is
represented as a function of the modulus of the wave vector k = yGt.
F(kR) is the form factor of an ensemble of spheres of diameter 220 pm.

the magnetization onto the horizontal plane is proportional
to the number of spins located in the measurement volume.
Measuring the signal for the packings and dividing it by the
signa generated by the liquid free of particles then provides
the compactness of the sediment. The experimental value is
0.56 = 0.01. The experimental datafor the ensemble average
of the squared modulus of the magnetization are compared
to the results calculated from the Percus—Y evick theory us-
ing the experimental volume fraction of particlesin Fig. 12.
The general shape of both curvesis similar. More precisely,
the position of the experimental peak corresponds to the
modeled one from Percus—Y evick theory when the calcula-
tion is made with a volume fraction of 0.57 + 0.01. This
value isin good agreement with the experimental compacity
of 0.56.

In conclusion, the Percus—Yevick theory thus gives a
good description of the experimental squared modulus of
the magnetization. However, this description is not compre-
hensive: First, it only takes into account pair interactions.
Second, since the positions of the spheres in the settling
sediment depend on the many-particle hydrodynamic inter-
actions during all preceding phases of sedimentation, the
resulting configurations should bein principle different from
the ones in a completely random model.

A fully comprehensive model of the settling sediment
should take into account the many-particle hydrodynamic
interactions (15) together with the interactions with the
walls, which is not yet achieved.

CONCLUSION

We have developed a novel NMR technique particularly
adapted to the study of the structure of systems of particles
in a liquid. The modulus of the magnetization due to the
protons of the liquid (with particles containing no proton)
is calculated in the presence of a constant pulsed field gradi-
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ent and then averaged over al possible configurations acces-
sible to the particles. The suspension is assumed to be ho-
mogenous, and in order to simplify the interpretation of the
result we considered spherical particles of the same size. The
averaged squared modulus of the magnetization obtained in
this case is related to the pair distribution function of the
particles g(r) (see [43]). This expression is anaogous to
the one that gives the scattered intensity 1 (q) in the classical
scattering techniques (X-rays, light, neutrons) as a function
of the wave vector q. In the present NMR technique, the
wave vector denoted k is given by k = yGt, where y isthe
gyromagnetic ratio, G the intensity of the pulsed field gradi-
ent, and t the duration of application of this gradient. The
exploration of the k-space is thus obtained by simply mea-
suring the magnetization as a function of time. As in the
classical expression of 1(q), the structure factor S(k) de-
fined asthe Fourier transform of 1 — g(r) appears multiplied
by F2(kR), where F(kR) is the form factor, the Fourier
transform of a function characteristic of the shape of the
particles. The first term in the expression [43] contains
f (kh), the Fourier transform of the apparatus function which
describesthe sensitivity of the detection coil of the spectrom-
eter and defines the measurement zone. This term, which
corresponds to the nonscattered rays in the classical scatter-
ing techniques, is usually omitted. For the NMR technique,
however, we show that the apparatus function can screen
the interesting part of the signal if its shape is not adapted.
The range of particles sizes accessible by the NMR tech-
nique is 10 um to 1 mm. It thus completes the range of the
classical scattering techniques, which is 0.5 A to 5 um.
Thetechniqueisvalidated by studying packings of spheres
of mean diameter 240 um. The spheres are embedded in a
liguid rich in protons and packings are obtained by sedimen-
tation of the particles. In the case of the scattering tech-
niques, the number of particles is sufficiently important and
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asingle measurement gives an averaged value. In this experi-
ment, however, we have to cumulate the results for a number
of different packingsin order to average the squared modulus
of the magnetization. The general shape for the experimental
data of the averaged squared modulus of the magnetization
depends on the pair distribution function. It is found to be
in good agreement with amodel based on the Percus—Y evick
approximation. We also obtain the mean diameter and the
compactness of the packings from the experiments, and in
this way confirm the validity of the NMR technique.

These results are an incentive to study various other sys-
tems with particles of sizes ranging from 10 ym to 1 mm,
such as non-Brownian suspensions, fluidized beds, and po-
rous media. In the case of suspensions and fluidized beds,
the particles are in motion, and the necessary condition for
using NMR is that the displacement of the particles during
the NMR sequence be small compared to their diameter. If
this condition is verified, the averaged squared modulus of
the magnetization gives information about the pair distribu-
tion function which depends on the hydrodynamic interac-
tions between particles. There is a lack of theory for this
dependence in inhomogenous and/or concentrated suspen-
sions. Thistechnique should thus provide determinant infor-
mation for the development of a more redlistic model of
suspensions.

APPENDIX: CALCULATION OF THE FOURIER
TRANSFORM OF h(r)

Let us define \; and \;:

_(1+29)°
M)
(1 + 05¢)2
he = — o)
1- )

where ¢ is the volume fraction in particles. .
The Fourier transform of the function h(r), denoted h(k),
is given by

A(k) = — ()

1 — (k) [48]
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where €(k), the Fourier transform of the indirect correlation
function c(r), may be expanded as

¢(k) = d3(¢(kd) + G (kd) + G(kd)), [49]
in which
’ [ dan, .
¢ (kd) = _— (kd)3] [sin(kd) — kd cos(kd)]
[ 2477)\2 .
C(kd) = _— (kd)4] [2kd sin(kd)
— ((kd)? — 2)cos(kd) — 2]
[ 27N 2 2
Cs(kd) = _— (kd)s] {[—(kd)* + 12(kd) 24]
x cos(kd) + [4(kd)® — 24kd]
X sin(kd) + 24}. [50]

\

Here d is the diameter of the particles, and n = 6¢/rd>.
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