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Spin echo diffraction in disordered media with single length scales
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The spin echo diffraction observed in a pulsed field gradient NMR experiment is studied by simulation in
computer generated two-dimensional disordered porous media characterized by a single length scale such as
their mean pore diameter. In the propagator formulation of the pulsed field gradient experiments carried out in
fluids confined inside porous media one expects to see a diffraction pattern characterizing the above length
scale. We have explored the possibility of using #dho diffractiontechnique as a practical noninvasive tool
to extract information about the pore geometries. It turns out that even for a disordered medium, the echo-
diffraction pattern picks up the dominant length scg®0163-182€07)12417-1

I. INTRODUCTION well-studied cases of periodic geometries and have instead

focused on a class of systems which are characterized by a

. . L single length scale but otherwise disordered. Moreover these
Thermodynamic and transport properties of fluids in po-

) . X two-dimensional(2D) media with right porosity and pore
rous media depend sensitively on the structure of their cavizyqii gre analogs of commercially prepared Vycors which

ties and their interc.onnectioﬁilxamples of porous media gives further motivation to simulate echo experiments in
are naturally occurring rocks, biological cells, Vycors, zeo-these systems.

lites, intercalated layered systems such as pillared Lamellar

oxides and more recently discovered nano and meso tubes Il. THEORY

like MCM-41. The physical phenomena occurring in these

porous systems are very diverse starting from heterogeneous In PFGSE, the attenuation of the spin echo signal
catalysis, biological perfusion, percolation, permeation andvi(k,A) results from the displacemeftia diffusion of a

shifting, and even a drastic change of the phase diagram @fuclear spin originating at at the time of the first pulse and

physical systems confined in such metlia. . reaching at’ at the timeA when the second pulse is applied
Nuclear magnetic resonarickas been traditionally used a}nd the accumulated phase shifh = y&é-(F— F’)
al S .

as a successful noninvasive tool to explore the geometric >, S . . A
structure of porous medfaDiffusion rates of confined par- K (f—r"). Herek=3dyg, whered is the pulse widthg is
ticles (or fluids) are routinely obtained from measurementsthe_ field grad|e_nt,_ ang refers to the nucl_ear _gyromagnenc
of attenuation of the spin echo amplituti®ecently pulsed rzzmo. In the limit of narrow pulse W'dthﬁ'-e-’ 5?0’
magnetic-field gradient echo experiments have revealelfll —> such thatgs=const), the echo amplitudkl (k,A)
diffraction-like propertie§ which then fall into the same cat- therl *satlsfles a very simple Fourier relationship with
egory as that of probing solids using x-ray or neutron scatPs(r[r’,A), the conditional probability that a particle
tering. This observation has lead to a different way of ex-(nuclear spih starting from a positiorf diffuses tor’ in a
tracting information about pore geometries. The rightlytime intervalA:
tuned wave vector, as done in a scattering experiment, can
pick up the relevant length scale of the pore. C AN > e K1)y o
Theoretical justifications of looking at the spin echo am- M(k'A)_J p(r)f Porlr,a)e drdr’, (1)
plitude in the light of scattering theory assumes a

Ss-function pulse; in other words the strength of the pulse iswherep(F) is the probability of finding the particle atand

very large and its duration is extremely short: even under thi€s("|r",t) can be looked at as the diffusion propagator. The
so-called “narrow pulse” approximation exact analytic treat- 200V€ equation looks at the echo amplitude as a Fourier
ment are only limited to certain regular geometrie¥ On f[ransfo_rm of the diffusion propagator and _has been the start-
the other hand, computer simulations with a view towdigs "9 Point of many analyses in the work in Refs. 8-13. A
designing the media with tunable parameters &idcarry- useful definition m@du_ced by Kger et al.*” is that of an

ing out simulations in computer generated porous media caflVé"@9€ propagatdts written as

embellish the field with interesting results. Previous numeri- e

cal simulations on models of fused glass beads have revealed P(R,A)= f p(r)P(r|r+R,A)dr. )
interesting features consistent with theoretical predictions us-

ing the propagator approa€n®® In this paper we report ob- With this definition Eq.(1) can be written as

servation of anecho diffractionpattern in another class of
disordered media by simulating a pulsed field gradient spin - = AT
echo(PFGSE experiment. We have deviated away from the M(k.A)= [ Py(R,A)exp(—ik-R)dR. (3)
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This way of writing the echo amplitude has a distinct com-ment, a random walker probes the pore spddhe average
putational advantage as we will see later. We will only cal-propagator and its Fourier transform are obtained by keeping
culate spherical averages of the above two quantities whictrack of the location of the random walkers. The random
we will denote aP((R,A), andM (k,A), respectively. For a walkers move around one at a time starting from different
free particle diffusion the echo amplitude is given by initial positions inside the pore space. For any attempted
M(IZ,A)=exp(—k2DA), which is the same as the one ob- Move by_the walker towards a grain boundfary it stays at the
tained by Stesjkal and Tanrén the “narrow pulse approxi- same point but the c!ock advance; one unit. In order to cal-
mation.” For diffusion in restricted geometries if one waits culate the echo amplitudd (k,A) using random walkers we
for a sufficiently long time, the propagatéty(|i’,) be- have used Eqg2) and(3), respectively. We first determine

comes independent of the starting position and approachd@€ Spherically averageBis(r,A) for all possible directions

p(r"). Therefore at sufficiently long times of r and then get the echo amplitude from Eg).1° At this
point we want to clarify the role of random walkers in the

- . N, simulation. In order to obtain the structure factor of the me-
PS(R,OO)ZJ p(r+R)p(r)dr, (4 dium one might as well use the Fourier transform of
Ps(ﬁ,m) obtained from Eq(5) which givesS(lZ), or use Eq.
. . e e L . (6). For any porous medium constructed out of a square
M(kﬁo):f p(r)f p(re*=drdr'=S(k), (5)  mesh this can be exactly calculated numerically by binning
the distance for every point from an arbitrary origin. Neither
whereS(IZ) — |q;(|2)|2 is the structure factor and of these two schemes require a random walker to explore the
pore space. The role of random walkers in sampling the pore
.1 I T space becomes important when one wants to monitor the
(k)= V_J’ p(rye~'rdr; (6)  echo amplitude as a function of time which in the very long-
P time limit gives information about the static structure factor
V,, is the pore volume. We will denote the spherical averageso that one can relate this time scale to an experimental situ-
of these quantities by omitting the vector sign. Equatin  ation, provided one knows the diffusion rate. This issue will
is identical to the one which gives the amplitude of a wavebe discussed after we present our results.

scattered from a medium with a distribution functip(f) of

scattering centers with the scattering wave vektdt forms IV. RESULTS OF NUMERICAL SIMULATION
the basis of interpreting the spin echo attenuation as the scat-

tering intensity at wave vectok. Naturally the resolution
becomes limited; in order to probe smaller pore space one
needs larger values &. The diffraction in spin echo has

been observed in yeast cells containing watér'®and in
tetrafluoromethane confined in zeolite crystallités.

A. A square pore

First as a test case we have compared our simulation re-
sults with known exact results for a square pore of side 100,
which is roughly the average diameter of the porous medium
considered here. We define a quantity, density of states

p(r), which is related to the quantitg(F) in a simple way,

lIl. NUMERICAL SIMULATION p(r)=[p(r)dQ. Choosing the origin at the center and not-

ing thatp(F)zl inside the pore space and zero otherwise,

The purpose of this paper is to predict results of possiblgy,q density of states(r) for a square pore of sideis given
future experiments in certain classes of disordered media.

a prototype and for a systematic study we have chosen &
class where the medium is otherwise disordered but can be

characterized with a single length scale. A typical pattern is p(r)=1, O<r<al2

shown in Fig. 1a). The porous media is prepared by quench- 4

) ) 2 a a a

ing (and subsequent etching one of the componentsitical =1— —cos! _> . —<r<—

binary liquid mixture below its miscibility temperaturd () m 2r 2 \/5

and arresting the coarsening procedure after a certain time.

Further fine tuning to adjust the porosity is achieved by suit- -0 r>i 7)

able computer etching of one or the other compongtitis J2

known that a binary liquid mixture beloW, orders through

small amplitude long-wavelength fluctuations knows as spinThe structure factoiS(k) is then obtained by taking the

odal decomposition. Its late time phase orderingsquare of¥(k) which is given by

dynamics®’is characterized by a single length scale speci-

fying a measure of the domain size of each component. The 1

main result of this paper is the observation of ezho dif- V(k)= _f p(r)Jo(kr)27rdr, (8)

fraction pattern in these media which corresponds to the Vp

dominant length scale alluded to above. The results also . ) o

show how the echo intensity develops in time giving Somé/\{here a spherical average over gll possible directions for a

idea of designing such an experiment to extract information§!ven value ofk has been carried out. The propagator

in Vycor-like materials. P(r,r’,t) for the square pore is also known exactly and is
In the simulation, just like a proton in a real NMR experi- given by
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(@) — - FIG. 1. (a) Picture of a typical
60.0 r porous media used in the simula-
: ' ’ tion. The porosity is 80% and the
0) b) average pore width is 68 units.
o The media is constructed from a
square mesh of 522512 lattice;
(b) distribution of pore sizes in the
Q above medium.
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PX.Xy.y". )= 2" 52% COS{ a )COS( a We now present results for the porous medium shown in
Fig. 1(a). The average pore radius is about 34 lattice units
nwy nwy’ and its porosity is 80%. The distribution of pore sizes is
XC0§ ——|c0§ — shown in Fig. 1b). It has a fairly broad width of-20 units

around the main peak. One notices it is dominated by a
—(m?+n?)Dt single peak characterizing the average pore width. In this
X ex —az—)- 9 paper we are concerned with the length scale characterizing
_ this peak. The other relevant issues, e.g., how the distribution
Figure 2 show®4(r,t) and the inset shows the correspond-affects the echo signal will be discussed in a separate paper.
ing M(k,t) for t=40 960 which is a sufficiently long time The porosity has been chosen intentionally higher than the
for the walkers to sample the pore space. We have checkagbrosity of an actual 3D Vycor for convenience to generate a
that the diffraction pattern starts to develop at a timesingle connected percolating pore space. In our future work
~a?/D. For comparison we have also showg(k) in the  on 3D porous media we will choose the right porosity range
inset calculated using E¢7). Evidently the random walkers of a Vycor. However, as we will see later our general con-
sample the geometry of the square very efficiently at sufficlusions will remain the same. The 2D porous media has
ciently long time. been generated originally on a 12828 lattice by a cell-
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FIG. 2. Pg(r,t) as a function ofr for
t=40 960 for the square pore. The inset shows
M(k,t) (circles as a function ok. On the same
graph is plottedS(k) (squarep obtained from
(k) using Eq.(7).
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dynamics approact, the details of which can be found in scales. In this particular case the medium has a single domi-
Ref. 15. It was then blown up by a scale factor 4. Thisnant length scale. The walkers eventually extract this scale.
enhances the resolution in the coordinate space. Since tlégure 4 shows the correspondihtfk,t) for the same set of
entire system is embedded on a lattice, its pair-correlatiotimes shown in Fig. 3. If one waits long enough eventually
function g(|i —j|)=(oj0;) (whereo; takes the values 0 or Pp(r,t) and M(k,t) become stationary and independent of
1 at the lattice sité, ando =1 characterizes the pore regjon time.
and the corresponding Fourier transform, namely the struc- Figure 5 showsl?s(r,t) and its scaled counterp&rfor a
ture factorS(k), can be calculated numerically but o'[herwisevery long time ¢=5x10°). In the same figure shown are
exactly. Obviouslyg(r) is thet— e limit of Py(r,t). Before  g(r) andg(r) given by dashed and dot-dashed curves, re-
we present our results we introduce a scaled pair-correlatiogpective|y_ As expected®(r,t) eventually gives the pair-
function correlation function. The first minimum corresponds to the
average pore radius. The inset shows the echo amplitude
— . 9(0)—g(r) M (k,t). For comparison we have also included the structure
9(r)= g(0)—g(=)" factor calculated directly from the pore coordinates. The
peak at the structure factor corresponds to the same length
This function retains all the structural featuresgff) but  scale.
goes over to zero at large distances. In order to calculate the Let us make some remarks about the tail of the structure
structure factor it is better to take the Fourier transform offactor. Since our two-dimensional porous media is prepared
g; the numerical integration then does not contain the domiusing a spinodal decomposition scheme it is expected that
nating k=0 component and serves better to extract &ny S(k)~k~(@*M for kR>1, whered is the physical dimen-
#0 structure. For the tortuous geometry of the Vycor-likesionality of the systeniin our cased=2), n is the dimension
disordered media considered here the average propagator is
calculated in the following manner. Starting from arbitrary 1.0 3
positions of the walkers the quantityh(|r—r'|,t))
={(|r(tg)—r"(t+to)|)) is calculated wherd()) denotes
average over all possible values tgf and for all walkers,
respectively. The histogram of this quantity then gives
Ps(r,t). In principle, if one waits for a sufficiently long time,
a single walker will eventually sample the whole pore space +
and h(r,t) will produce P¢(r,t). However that will require =,

(10

0.8

storing a very large number of position coordinates. There- A 04 /> t=5000%
fore an ensemble average over many possible walkers, each P 1=20000%,
. . . . . © t=35000

walking for shorter intervals of time, is performed which & 1=50000
easily gives a better statistics. o 0.2 = t=100000

Figure 3 shows the development Bf(r,t) as a function 1=300000
of time. This gives a picture of how echo amplitude builds 00 12400000 , !
up as a function of time. As discussed earlier, initial decay of 0.0 64.0 128.0 192.0 256.0
the amplitude at early time is given by a Gaussain free par- r

ticle propagator. Once the walkers feel the presence of the L
walls in the pore spacBg(r,t) gradually picks up the length FIG. 3. Development oPg(r,t) as a function of time.
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) ) FIG. 5. P_S(r,t) as a function of (circles for t=5x10°. The
FIG. 4. The correspondiniy! (k,t) for same set of times.

diamonds correspond to the scalRg(r,t) as explained in the text.
. oo The dashed and the wide dashed line correspong(t9 and
of éhs prder r[:])ararrt]et_e({n %ur cgse I.tz(l.s a scalar, S:)=1t)h g(r), respectively. Inset shows the correspondi(k,t) (circles
an ',S a characteris I(.: omain si4é1 our case '7(§+n)e The dashed-dotted lingnse) represents the structure factor calcu-
pore width. That the tail of the structure factork lated directly from the pore coordinates.
has some universal features which are independent of micro-
scopic details has been discussed in detail by Bfayie _diffraction pattern which we plan to investigate in a separate
have checked that for the two-dimensional porous med'?)aper We would also like to make a remark absetatic
: s k-3 . o . i
considered here, fdiR>1, S(k)~k™~. Senet al.also found  fig|q gradient experiments. It has been reported that using an
the same result in three-dimensional poroﬁu4513me(dm- anti-Helmholtz arrangement of split superconducting coils it
strugted out of sphencgl beadsvheres(k) ~k™“. ] is possible to obtain a field gradient of up to 180 T/m,
Finally we would like to comment on the real time \yhereas for pulsed field gradient experiments the technical
scale and feasibility to observe diffraction in spin echojmitations prohibit going beyond 50 T/#%.So one has to

experiments in the porous media considered here. Thgompare the relative merits of these two methods under spe-
time (tn) after which the diffraction pattern begins t0 gl circumstances.

2 . . . . .
d?Vel‘)ptmin;'p /D, wherel, is the average pore width. |5 symmary, we have predicted observationesho dif-
Karger et al™" have done similar experiments in a zeolitic fraction in two-dimensional disordered media which could

bed using Cl as diffusants at room temperature. A typical be characterized with a single length scale. Our simulation
value for D~5x10"'® m?/s. For the porous media consid- results show that the echo diffraction pattern picks up the
ered herd,~70 A which givesty,,~0.1 ms. Evidently the dominant mean length scale despite the fact there is a distri-
time scale for these are much shorter than the experimentsution of pores around the mean. We are extending the cal-
mentioned above where the observation time goes up to sevulations for 3D image-based porous médliahose resem-

eral hundred milliseconds. Therefore the nuclear-spinplance to the commercially prepared Vycors is very close.

relaxation timeT; should not cause any problem here. Ongxperimental results will certainly make these efforts more
the contrary the wave vectér= 6yg needed is much larger interesting.

than used in the experiment of 'Kger et al. The typical
mqgnetlc-ﬂeld grad|en{- 20 T/m. ltis Worth_ wondering how ACKNOWLEDGMENTS
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