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Abstract

We experimentally verify a new method of extracting the surface-to-volume ratio (S/V) of porous media with diffusion NMR. In
contrast to the widely used pulsed field gradient (PFG) technique, which employs the stimulated echo coherence pathway, we use
here the direct Carr–Purcell–Meiboom–Gill (CPMG) path. Even for high echoes, which exhibit ample attenuation due to diffusion
in the field gradient, the relevant ruler length for the direct pathway is fixed by the diffusion length during a single inter-pulse spac-
ing. The direct path, therefore, is well suited for probing shorter length scales than is possible with the conventional approach. In our
experiments in a low-field static-gradient system, the direct CPMG pathway was found to be sensitive to structure an order of mag-
nitude smaller than accessible with the stimulated-echo pathway.
� 2004 Elsevier Inc. All rights reserved.
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1. Introduction

The pulsed field gradient (PFG) [1,2] diffusion mea-
surement is a well-established NMR technique used to
probe the structure of restricted geometries by tracking
the motion of spins diffusing in the confined fluid [3].
It is especially useful in the study of systems with struc-
ture below the resolution of magnetic resonance imag-
ing; and in the study of complex porous media, where
the quantities of primary interest are the distributions
of size and connectivity of pores.

The analysis of PFG measurements is usually based
on the narrow pulse approximation [4–7] which requires,
first of all, that the two phase-encoding gradient pulses
be shorter than the spacing between them; and second,
that the diffusion distance during the encoding time be
short relative to the size of the structure of interest. In
1090-7807/$ - see front matter � 2004 Elsevier Inc. All rights reserved.
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practice, these requirements imply that the shortest
length scales accessible with the PFG technique are con-
trolled by the strength and the switching rate of the
available gradients.

One way to avoid the limitation of the gradient
switching rate is to maintain a static gradient while using
phase cycling to select the desired stimulated echo
pathway [8]. The duration of the encoding period is then
controlled by the radio-frequency (RF) pulses rather
than the gradient pulses. A drawback of this method is
that only the slice-selected region of the sample contrib-
utes to the signal. The requirement of a large gradient
magnitude still remains, since the resulting diffusional
attenuation has to be sufficient to be measured reliably.
Consequently, with the moderate constant gradient of
13.17 G cm�1 used in our experiments, the stimulated-
echo technique was only suitable to infer structure with
length scales larger than 10 lm. This is illustrated in
Fig. 1 which shows the time-dependent diffusion coeffi-
cient D (t) for several samples with varying length scale
of restriction. For short times, D (t) is expected to fall
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Fig. 1. Time-dependent diffusion coefficient extracted from the stim-
ulated-echo measurements, plotted vs. the diffusion length LD ¼

ffiffiffiffiffiffiffi
D0t

p
,

for bulk water, triangles; 160 lm sample, squares; 40 lm sample, exes;
16 lm sample, diamonds; 10 lm sample, asterisks; and 4 lm sample,
circles. The bullet symbol marks D0 = 2.01 · 10�5 cm2 s�1 to which all
the lines should extrapolate in the limit of LD = 0.
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off linearly with the diffusion length [9], with a slope pro-
portional to the medium�s surface-to-volume ratio (S/V)

DðtÞ ¼ D0 1� 4

9
ffiffiffi
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p
ffiffiffiffiffiffiffi
D0t

p
S

V

� �
: ð1Þ

As is apparent from Fig. 1, only the 160 lm sample lies
securely in the linear regime, while the 10 and 4 lm sam-
ples clearly are not. The diffusion length cannot be made
any shorter without dramatically reducing the dynamic
range of diffusive decay or violating the conditions of
the narrow-pulse approximation, required for extracting
D (t). The first data point at LD = 6.4 lm already is
expected to exhibit a few-percent distortion due to the
finite pulse width (see Eq. (19) in [7]).

An appealing approach to the problem of maintain-
ing sensitivity to short length scales while ensuring suffi-
cient diffusional attenuation is to use a sequence with a
short segment repeated many times, such as the
Carr–Purcell–Meiboom–Gill (CPMG) echo train in a
static gradient or a sinusoidally oscillating gradient with
a short period [10,11]. In terms of the spectral decompo-
sition of the measured diffusion coefficient [12,3], either
approach is suitable for examining the high-frequency
(i.e., short-length-scale) range of the spectrum. No
quantitative analysis of the effects of restriction on the
spectrum has been given, however.

The purpose of the present paper is to experimentally
explore the possibility of using the static-gradient
CPMG to measure the S/V of porous media with struc-
ture on length scales shorter than attainable with the
stimulated echo technique. In reference to Fig. 1, this
goal translates to filling in the inaccessible short-LD

points in the linear region where the short-time theory
that yields the S/V applies. In the presence of a constant
gradient and, consequently, slice selective RF pulses,
many coherence pathways are excited, even by the sim-
ple CPMG pulse train. The pathway of interest here is
the direct-echo pathway that contributes to the CPMG
echoes on resonance. It is this pathway that has the
promising characteristics that make it a good candidate
for probing short length scales.

First of all, as we have recently confirmed experimen-
tally [13], the relevant diffusion time for the direct path is
fixed by the spacing between two adjacent echoes,
regardless of the duration of the entire pulse train.
And second, already for the first (Hahn) echo, the
CPMG in a static field maximizes the diffusional atten-
uation for the given diffusion time, which is what sets
the lower bound on the length scale probed. The amount
of attenuation further increases with echo number, while
the ruler length remains fixed by a single inter-pulse
spacing. Thus, in principle at least, one should be able
to reach very short length scales by keeping the pulse
spacing short and looking at high echoes to get sufficient
dynamic range to extract diffusional relaxation. Another
welcome feature of the CPMG is that it is already widely
used in many stray-field applications due to its superior
signal-to-noise characteristics important in low fields.
Incorporating the effects of restriction into the analysis
of such pulse trains could yield useful additional
information.

We focus on the short-time diffusion regime, where
the spins accumulate little phase while diffusing in the
gradient and traverse distances shorter than the size of
the geometrical structure of the confining medium. In
this regime, as for the PFG-measured time-dependent
diffusion coefficient in Eq. (1), the correction to the
unrestricted-fluid behavior is proportional to the sur-
face-to-volume (S/V) ratio of the pore space. If D0 is
the diffusion coefficient of the bulk fluid, g a uniform
static gradient, c is the proton gyromagnetic ratio, and
s is half the echo spacing, then, provided the RF pulses
are applied on resonance, the attenuation of the direct
pathway at the nth CPMG echo can be written as

Mn;s ¼ M0Rð2nsÞ

� exp � 2n
3
c2g2s3D0 1þ CðnÞ

6n
S

ffiffiffiffiffiffiffiffi
D0s

p

V

� �� �
;

ð2Þ

where R (2ns) gives the T2 relaxation and C (n) are neg-
ative numerical coefficients that can be computed ana-
lytically and have been tabulated in [14]. This result
was first derived by Axelrod and Sen [15] and then
extended to arbitrary coherence pathways, finite surface
relaxation, and strongly inhomogeneous fields in
[16–18]. The general theory was experimentally verified
in [13]. Here, we investigate in more detail its implica-
tions for the direct CPMG pathway, which, as already
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mentioned, remains in the short-time regime even when
the duration of the entire pulse train is long. We exper-
imentally demonstrate that the CPMG sequence allows
us to reach length scales an order of magnitude shorter
than attainable with the stimulated echo measurement
on the same system.
2. Experimental details

We performed measurements on several brine-satu-
rated fused-glass cylindrical plugs from RobuGlas,1

with 2 cm diameter and 2 cm height and pore sizes rang-
ing from �4 to �250 lm. The five materials used were
already characterized in [13], where the surface-to-vol-
ume ratios, measured both with NMR and with BET
gas-adsorption, as well as manufacturer�s listed throat
size ranges, were reported in Table 2. We will adhere
to the naming convention adopted in [13] and refer to
each sample by its lower cut-off throat size, as given
by the manufacturer. Thus, we have the 160, 40, 16,
10, and 4 lm sample.

The samples were placed in the fringe field of a super-
conducting magnet in a static gradient of 13.17 G cm�1

perpendicular to the cylinder axis, with the center Lar-
mor frequency of 1.764 MHz. The quality factor of the
receiver was Q = 13.4, and the 180� pulses were 24 ls
long. We collected entire echo shapes, with the dwell
time of 8 ls and 32 acquisition points per echo. The
samples were temperature controlled at 22 �C to elimi-
nate fluctuations in the bulk fluid diffusion coefficient,
which we measured to be D0 = 2.01 ± 0.02 · 10�5

cm2 s�1, in good agreement with the literature values.
We applied the usual CPMG sequence [19,20] 90�–s–

180�–2s–180�–2s–� � �, with the spacing between the ini-
tial 90� pulse and the first 180� reduced by t1 ¼ x�1

1 to
optimize signal-to-noise in the presence of field inhomo-
geneity [21]. Since t1 � s, for the purposes of computing
diffusional attenuation, this adjustment can be ignored.
We varied the echo spacing 2s and collected 100 echoes
for each value of s, thus acquiring a two-dimensional
data set for each sample, that maps out the n and s
dimensions in Eq. (2). The on-resonance echo ampli-
tudes, Mn,s, were extracted by integrating the entire echo
shape. This is equivalent to applying a step window
function with a bandwidth of 3.9 kHz, which is 0.2 of
the width of the excited slice (x1 = 2p · 21 kHz). For
such a narrow bandwidth, most of the contribution to
the signal will come from the direct pathway [22], even
for high echoes. Furthermore, the only other coherence
pathways that will begin to contribute to the signal after
multiple 180� pulses will have diffusional properties very
1 http://www.robu.net.
similar to the direct path [23]. They should not, there-
fore, significantly affect the measured diffusion coeffi-
cient or S/V ratio, as we have explicitly verified by
numerical simulations of our system, that included all
the coherence pathways. The ultimate proof that this
procedure does, in fact, correctly extract the on-reso-
nance (and, thus, the direct-pathway) contribution lies
in the bulk-water data (see Section 3.1) that shows no
deviations from the well-understood diffusion-in-uni-
form-gradient theory.

To extract the diffusional attenuation inEq. (2),wefirst
calibrated the T2 relaxation term R (2ns) for each sample
with an independent CPMGmeasurement of 8000 echoes
with a short echo spacing 2s = 424 ls. We found the
relaxation to be single exponential (see Fig. 2), allowing
us to express it, for each sample, as R (2ns) = exp{�2ns/
T2}, with an appropriate T2 decay time constant. The
echo amplitudes for the T2 measurement were extracted
by optimal filtering with the asymptotic echo shape [24].
As discussed in detail in [22,25], in systems with grossly
inhomogeneous fields (i.e., weak RF field), such proce-
dure yields an effective T2 that is a mixture of T1 (due to
non-direct pathways), of T1q (due to relaxation while
the RF field is on), and of the actual T2. In our experi-
ments, this introduces an uncertainty of up to �5% in
the actual T2, with the effective T2 providing an upper
bound. Nonetheless, throughout, we will use the mea-
sured effective T2�s as if they were the ground-truth T2�s
and point out where the uncertainty bears on the discus-
sion of the two-dimensional CPMG measurements that
are the main focus of the present work.

Lastly, the stimulated-echo experiments were carried
out in the same fringe-field set-up, following the pre-
scription provided for the diffusion-editing sequence in
Fig. 2. CPMG measurement of T2, with echo spacing 2s = 424 ls, for
the five samples used, plotting every fifth echo. From top to bottom:
160 lm sample, T2 = 2.15 s; 40 lm sample, T2 = 1.90 s; 16 lm sample,
T2 = 1.65 s; 10 lm sample, T2 = 1.02 s; and 4 lm sample, T2 = 0.565 s.
All curves exhibit single-exponential behavior.

http://www.robu.net
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[8]. The initial 90� pulse was followed by another one
applied at time d and the third one at time D. Sixteen-
stage phase cycling was performed to select out the stim-
ulated pathway. The echo then formed at time
t = D + d, defining the relevant diffusion length viaffiffiffiffiffiffiffi
D0t

p
(see Fig. 1). Finally, a train of 300 narrowly spaced

(2s = 424 ls) 180� pulses was applied for each d–D pair
and the acquired echoes summed for improved signal-
to-noise ratio.
Fig. 3. CPMGmeasurement on bulk water; for each of the 10 different
values of the echo spacing 2s, 100 echoes were collected. We plot the
normalized echo amplitudes Mn,s (markers), and the bulk-fluid theory
(solid lines), using D0 = 2.01 · 10�5 cm2 s�1 and T2 = 0.604 s. (A)
Each marker style and each line follows a single echo for all values of s;
from left to right, echoes 1, 2, . . ., 5, 7, 9, 12, and 16. (B) Each marker
style and each line follows a single s starting with the first echo; from
top to bottom, s = 0.762, 1.362, 1.862, 2.412, 2.812, 3.162, 3.552,
4.862, 6.162, and 7.562 ms.

Fig. 4. Extracted diffusion coefficient from the CPMG measurement
on bulk water (same data set as shown in Fig. 3): (A) fits of D0 from
individual echoes (with s3 as the variable); and (B) fits of D0 from
individual s values (with the echo number as the variable). Solid lines
indicate D0 = 2.01 · 10�5 cm2 s�1. T2 decay was divided out prior to
all fitting, using the independently measured T2 = 0.604 s. Error bars
derive from random noise in the out-of-phase channel.
3. Results

3.1. Unrestricted diffusion: bulk brine

We calibrated our experimental procedure by first
performing the two-dimensional CPMG experiment on
a bulk water sample, having the same dimensions as
the RobuGlas plugs, doped with NiCl to give
T1 = 642 ms and T2 = 602 ms. Noting that for the lon-
gest echo spacings the signal decays already after a few
echoes, we modified the usual least-squares fitting proce-
dure in order to balance the contributions of short and
long s�s. For each s, we weighted the cost function inver-
sely with the number of echoes, for that s, with ampli-
tude above noise level. Without this amendment, the
fits were heavily dominated by the short-s data and,
thus, artificially oversensitive to T2 relaxation at the ex-
pense of decay due to diffusion in the gradient. Using the
weighted cost function, on the other hand, produced
very stable fits. Whether T2 was fixed at T2 = 602 ms
or whether it was treated as a free parameter alongside
the diffusion coefficient, the fitted value for D0 was un-
changed at D0 = 2.01 · 10�5 cm2 s�1, in excellent agree-
ment with the value independently measured with a
stimulated-echo experiment. Similarly, treating M0 as
another fitting parameter or else extracting it only from
the shortest-s data and using that value as fixed in the
two-dimensional fit, did not affect the value obtained
for D0. Fig. 3 shows the agreement of the data with
the bulk theory.

In Figs. 4A and B we show that every one of the lines
in of Fig. 3 can be used to independently extract D0.
Thus, assuming T2 = 602 ms, for each echo individually
one can fit D0 from Eq. (2) along the s3 dimension (set-
ting S/V fi 0 as is appropriate for bulk fluid). The re-
sults of such procedure are shown in Fig. 4A.
Similarly, for each value of s, one can fit D0 along the
echo dimension, as shown in Fig. 4B. The D0 points ex-
tracted from the shortest echo spacings, corresponding
to

ffiffiffiffiffiffiffiffi
D0s

p
< 1:6 lm, were very sensitive to the precise va-

lue of T2. And while it was possible to tweak the T2 by a
few percent to make them fall on the D0 = 2.01 ·
10�5 cm2 s�1 line, which could well be justified given
the uncertainty in T2 discussed in Section 1, we chose
not to display these data.
3.2. Restricted diffusion: sintered-glass samples

We followed a similar fitting strategy for the restricted
samples, but now fixing D0 = 2.01 · 10�5 cm2 s�1 and
extracting the V/S term in Eq. (2). As for bulk water,
we weighted the data for each value of s in the least-
squares cost function according to the number of echoes



Fig. 6. The apparent CPMG diffusion coefficient, Eq. (6), squares,
plotted vs. LD ¼ LCPMG � 0:76

ffiffiffiffiffiffiffiffi
D0s

p
; and the stimulated-echo time-

dependent diffusion coefficient, Eq. (1), triangles, plotted vs.
LD ¼

ffiffiffiffiffiffiffi
D0t

p
. The stimulated-echo data are the same as shown in Fig.

1 (first three points). (A) Bulk water; (B) 160 lm sample, V/S = 35 lm;
(C) 40 lm sample, V/S = 10 lm; (D) 16 lm sample, V/S = 6.5 lm; (E)
10 lm sample, V/S = 4.5 lm; and (F) 4 lm sample, V/S = 3 lm. The
V/S quoted were obtained from weighted two-dimensional fits to the
entire data sets as described in the text. The dashed lines give Dapp from
Eq. (6) plotted with the appropriate V/S.
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for that s with amplitudes above noise level. Fig. 5 shows
the results of such a weighted fit for the 16 lm sample.
Both D0 and T2 were held fixed; V/S and M0 were the
only free parameters. The agreement between the exper-
iment and the short-time theory is excellent and was
equally good for the other RobuGlas samples.

The fits of the surface-to-volume ratio for the various
samples proved quite robust with respect to small
changes in the parameter values. For instance, fixing
T2 at the independently measured values (Fig. 2) or
using values shorter by 15% or letting T2 be a free
parameter did not affect the extracted V/S by more than
a few percent. Varying D0 within the uncertainty inter-
val (±0.02 · 10�5 cm2 s�1) had little effect on the V/S
of small samples (a few percent) but more on the larger
samples (up to 50% for the 160 lm sample). This is not
surprising since the technique is not well suited for
studying long length scales, for which the S/V correction
in Eq. (2) at the attainable diffusion lengths is quite
small (see Section 4). But even for the 160 lm sample,
the V/S extracted from the two-dimensional fit, assum-
ing D0 = 2.01 · 10�5 cm2 s�1, was 35 lm, in excellent
agreement with the stimulated-echo data (see Fig. 6B).

To compare more directly the length scales probed
with our CPMG technique with those probed by the
stimulated echo, we follow [13], where the relevant diffu-
sion length was defined for arbitrary coherence path-
ways. For the nth CPMG echo direct pathway, the
relevant diffusion length will be given by

Ln;s � �ð9
ffiffiffi
p

p
=4ÞðCðnÞ=6nÞ

ffiffiffiffiffiffiffiffi
D0s

p
; ð3Þ

whereby Eq. (2) assumes a form similar to Eq. (1)

Mn;s ¼ M0 Rð2nsÞ

� exp � 2n
3
c2g2s3D0 1� 4

9
ffiffiffi
p

p Ln;sS
V

� �� �
: ð4Þ
Fig. 5. Normalized echo amplitudesMn,s, markers, in the same order as
in Fig. 3, for the 16 lmsample. Solid lines give the short-time theory, Eq.
(2), with V/S = 6.5 lm fit from the entire data set, assuming
D0 = 2.01 · 10�5 cm2 s �1 and independently measured T2 = 1.65 s.
Now we note that the C (n) coefficients reach an asymp-
totic limit, C (n)/6n fi 0.19, already after several echoes.
Thus, up to some oscillations in the early echoes, which
are of the order of the experimental uncertainties, one
can define a unique CPMG length scale

LCPMG � lim
n!1

Ln;s � 0:76
ffiffiffiffiffiffiffiffi
D0s

p
; ð5Þ

which is independent of echo number. Then one can also
define an apparent CPMG diffusion coefficient

Dapp ¼ D0 1� 4

9
ffiffiffi
p

p LCPMG S
V

� �
: ð6Þ

LCPMG gives the relevant length scale probed with a
CPMG train with echo spacing 2s. It plays a role anal-
ogous to

ffiffiffiffiffiffiffi
D0t

p
in the stimulated-echo measurement of

the time-dependent diffusion coefficient D (t) in Eq. (1).
Experimentally, Dapp was extracted from the data in

the same way as D0 in Fig. 4B. First, T2 relaxation
R (2ns) was divided out using the appropriate T2 from
Fig. 2. Next, for each value of s, a fit to exp{�(2n/3)
c2g2s3Dapp} was performed down to noise level along
the echo dimension. The results for bulk water and the
five RobuGlas samples are shown in Fig. 6. The values
of Dapp extracted from the CPMG sequence, plotted
vs. LD = LCPMG are shown as squares, while the trian-
gles mark the first three data points from the stimulated
echo measurement of D (t) in Fig. 1 plotted vs.
LD ¼

ffiffiffiffiffiffiffi
D0t

p
. The dashed lines indicate the slopes with
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V/S extracted from two-dimensional CPMG fits as de-
scribed above. Apparently, the CPMG based Dapp mea-
surements lie in the linear regime with respect to LCPMG

and so Eq. (6) is appropriate. Thus, the CPMG can in-
deed be used to fill in the short-length-scale data that
were amiss in Fig. 1.
4. Discussion

While it is possible to treat the apparent CPMG dif-
fusion coefficient just as the D (t) from a PFG measure-
ment and, in analogy, as suggested by Fig. 6, fit V/S
from the slope of Dapp vs. LCPMG, this is not the pre-
ferred method. By collapsing the echo dimension, one
throws away the bulk of information, resulting in a
rather noisy line. Unlike in the PFG experiment, where
D (t) is the fundamental computed quantity that is to be
measured, here every (n,s) point in the data set contains
the same information given by Eq. (2). The quantity we
are after is the surface-to-volume ratio of the medium,
and that is best extracted by performing a full two-di-
mensional fit to the entire data set, as described earlier.
Defining Dapp and plotting it alongside the PFG-mea-
sured time-dependent diffusion coefficient is a useful
exercise, however, as it more concretely illustrates the re-
gimes in which the two techniques apply.

The direct CPMGpathway will not be useful for prob-
ing length scales longer than the dephasing length,
LG = (D0/cg)

1/3, which is the typical distance a spin must
diffuse before acquiring aphase of�2p. The reason is two-
fold. First of all, since c2g2s3D0 = (LD/LG)

6, where
LD ¼

ffiffiffiffiffiffiffiffi
D0s

p
, the signal will attenuate very rapidly when

the diffusion length LD becomes longer than LG (see Eq.
(2)). On the other hand, if LD remains much shorter than
LG, then very few spins will feel the presence of the walls
and, hence, theLDS/V correctionwill be difficult to detect.
This issue is apparent in Fig. 6B. In our system,
LG = 3.85 lm, setting the bound on the longest LD that
can be used. For the 160 lm sample, V/S = 35 lm, and
so ð4=9

ffiffiffi
p

p
Þ LD S=V � 0:03, hardly allowing sufficient dy-

namic range for a reliable measurement.
The stimulated pathway, on the other hand, is ideally

suited for probing long length scales because it is con-
trolled by two different times, the encoding time d and
the diffusion time D. Only

ffiffiffiffiffiffiffiffi
D0d

p
must be shorter than

LG in order to be in the right regime [7];
ffiffiffiffiffiffiffiffiffi
D0D

p
can be long,

making the measurement sensitive to larger structure.
When the structure of interest is of the order of the

dephasing length, then the direct CPMG pathway is
preferable for reaching the short-time regime given in
Eqs. (1) and (2). In our case, already the 40 lm sample,
with V/S = 10 lm, falls into this category. As is appar-
ent from Fig. 1 (�x� markers), the stimulated pathway
for this sample has not yet fully reached the regime lin-
ear in LD; linear extrapolation to LD = 0 from the last
three points would underestimate the D0 and overesti-
mate V/S. The corresponding direct pathway, on the
other hand, as shown in Fig. 6C, gives a sensible slope
through the correct value of D0 = 2.01 · 10�5 cm2 s�1.
For the two smallest samples, 10 and 4 lm, the stimu-
lated pathway can yield hardly any information about
their V/S, while the direct path gives consistent results.

Thus, when characterizing a new material, it is prob-
ably best to start with a PFG sequence, to obtain the
D (t) for a large range of length scales, and then comple-
ment it with the CPMG technique, if there is apparent
smaller structure that needs to be studied more carefully.
5. Conclusion

We have experimentally validated a new method for
extracting the surface-to-volume ratio of porous media
with diffusion NMR. This CPMG-based technique al-
lows probing smaller structure than is possible with
the conventional stimulated echo pulsed field gradient
method. It relies on the fact that the relevant diffusion
length for the direct CPMG pathway remains fixed by
the spacing between two adjacent 180� pulses, even for
high echo numbers. Since the amount of attenuation in-
creases with echo number, one can obtain sizable dy-
namic range even for very short diffusion lengths. The
new CPMG technique complements the PFG in the
characterization of heterogeneous media, as the conven-
tional method is superior for probing larger structure.

The lower bound on length scales accessible with the
CPMG is set, fundamentally, by the T1 and T2 relaxa-
tion. Since the diffusional attenuation falls off as ns3

while the surface relaxation only as ns, as shorter pulse
spacings are used in order to reach shorter length scales,
eventually, surface relaxation will dominate and render
the measurement of diffusional attenuation unreliable.
This limitation is not specific to the proposed CPMG
technique, however, but applies to any NMR diffusion
measurement.
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