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Determination of Genuine Diffusivities in Heterogeneous Media Using
Stimulated Echo Pulsed Field Gradient NMR
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Pulsed field gradient (PFG) NMR diffusion measurements in het-
erogeneous media may lead to erroneous results due to the disturb-
ing influence of internal magnetic field gradients. Here, we present a
simple theoretical model which allows one to interpret data obtained
by stimulated spin echo PFG NMR in the presence of spatially vary-
ing internal field gradients. Using the results of this theory, the gen-
uine self-diffusion coefficients in heterogeneous media may be ex-
trapolated from the dependence of the apparent diffusivities on the
dephasing time of the simulated echo PFG NMR sequence. Exper-
imental evidence that such extrapolation yields satisfactory results
for self-diffusion of hexadecane in natural sediments (sand) and of
n-octanol in doped MgO pastes is provided. C© 2001 Academic Press

Key Words: PFG NMR; stimulated spin echo; diffusion; internal
magnetic field gradients; heterogeneous media.
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INTRODUCTION

Pulsed field gradient (PFG) NMR has proven to be a p
erful technique for diffusion measurements in porous me
(1–3). One of the main restrictions of this method is rela
to the fact that the internal magnetic field in porous mater
is already inhomogeneous without any externally applied fi
gradients. These inhomogeneities are caused by the varia
between magnetic susceptibilities of the different compon
of heterogeneous media. The magnitude of the susceptib
induced internal field inhomogeneities depends on the size
on the geometry of these components as well as on the stre
of the polarizing magnetic field. Especially in high-field PF
NMR studies, these field inhomogeneities, which we refe
as internal magnetic field gradients, may be comparable
those produced by the externally applied pulsed field gradie
This situation is known to complicate the interpretation of
spin echo attenuation observed with PFG NMR. To supp
the influence of the internal field inhomogeneities, PFG NM
sequences with alternating polarity of the pulsed field gr
ents were developed (4, 5). It was shown theoretically as we
as experimentally that these sequences remove suscepti
induced artifacts in PFG NMR diffusion studies if each spin
periences a constant internal field gradient over the duratio
the NMR sequence. This assumption is generally valid when
molecular displacements during the NMR sequence are m
221090-7807/01 $35.00
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smaller than the characteristic length scale of constant sus
tibility in a heterogeneous medium. However, calculations
local magnetic fields in heterogeneous media consisting of
types of areas with different susceptibilities have shown t
the field inhomogeneities due to susceptibility variations c
not be described by constant field gradients on a length s
comparable with the characteristic length of constant susc
tibility ( 6). For molecular displacements on this length sca
the application of PFG NMR (even with alternating pulsed fie
gradients) cannot be assumed to be completely free from
disturbing influence of internal field gradients (7). In general,
one must expect that the spin echo attenuation depends not
on the applied pulsed field gradient but, in a complicated w
also on the internal field gradients. Only in two cases, nam
in the above-discussed case of displacements which are s
in comparison with the characteristic length scale of cons
susceptibility and in the other limiting case of much larger d
placements than the characteristic length of constant suscep
ity (which means that the majority of spins experience spatia
rapidly varying internal gradients (8)), is the determination of
the true self-diffusion coefficients by PFG NMR straightfo
ward.

Until now an exact and complete theory of spin echo att
uation by externally applied pulsed field gradients in the
termediate case, i.e., in the presence of internal field gradi
slowly varying on the displacement length scale, has not b
developed. In Ref. (9), the case of spin echo attenuation due
diffusion in a parabolic magnetic field is solved exactly. It
pointed out in Ref. (9), as well as subsequently in Refs. (10,
11), that the PFG NMR spin echo attenuation in an inhom
geneous field is governed by a combination of certain intrin
lengths.

The purpose of the present article is to report a simple
perimental procedure allowing one to estimate the disturb
influence of internal field gradients on the measurement of s
diffusion coefficients by the simple PFG NMR stimulated sp
echo sequence. We will consider a general case, where th
ternal field gradients may vary on the length scale of molecu
displacements. It is frequently observed that even in such a
the logarithm of the measured spin echo attenuation9 is still
proportional to the square of the amplitude of the magnetic fi
8
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STIMULATED ECHO PFG NMR

gradient pulses (g2),

ln(9(g,1)) ≡ ln

(
M(g,1)

M(0,1)

)
= −(γ δg)2Dapp1, [1]

whereδ is the duration of the gradient pulses,1 is the time in-
terval between the two gradient pulses of the sequence, andDapp

denotes the apparent diffusivity. Assuming such a proporti
ality, we will derive a functional relation between the appare
self-diffusivity Dapp and the true self-diffusion coefficientD.
We will show in a very general approach that in this caseDapp

is expected to depend on the dephasing delay (τ1) in the stim-
ulated spin echo sequence. Moreover, we demonstrate tha
predictedτ1-dependence ofDapp is in fact observed experimen
tally and may be used to calculate the true self-diffusivity
extrapolating toτ1 = 0.

THEORETICAL MODEL

Under the conditions of internal field gradients varying ov
the displacement length, the results of the diffusion meas
ments using bipolar forms of the pulsed field gradient sequen
cannot always be assumed to be free from the artifacts
duced by internal field gradients (7). In this case, one way to
carry out diffusion measurements using PFG NMR is to mi
mize the dephasing of the magnetization by internal field gra
ents by using a small constant magnetic field and thus redu
susceptibility-induced internal field gradients, as well as by m
imizing the time interval of the magnetization dephasing by
internal field gradients. Let us consider the PFG NMR stim
lated spin echo sequence [π/2–τ1–π/2–τ2–π/2–τ3–] (1–3). The
sequence consists of three intervals, the dephasing (τ1), the store
(τ2), and the refocusing (τ3) intervals. In the dephasing time in
terval each spin is labeled by a phase accumulated in the
field,

ϕ = γ
τ1∫

0

(g(t)r + Bz(r )) dt, [2]

whereg(t) is the externally applied pulsed field gradient a
Bz(r ) is the component of the local inhomogeneous magn
field which is parallel to the homogeneous polarizing magne
field. Bz(r ) is caused by susceptibility variations in the samp
We will consider a sufficiently short dephasing time intervalτ1,
so that the displacements overτ1 can be assumed to be negligib
small. In the store time intervalτ2 À τ1 the phase information
is unaffected by the field gradients. The spins are unlabele

the refocusing intervalτ3. The phase of the spins will not be
completely restored in the refocusing interval if they moved
the direction of the field gradients. For each spin, the ph
DIFFUSION MEASUREMENTS 229
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difference can be written as

ϕr1 = γ
( τ1∫

0

(g(t)r1+ Bz(r1)) dt

−
τ1+τ2+τ3∫
τ1+τ2

(g(t)r2+ Bz(r2)) dt

)
[3]

or, usingτ1 = τ3,

ϕr1 = γ δg(t)1r + γ τ1(Bz(r1)− Bz(r2)), [4]

wherer1 and r2 describe the positions of the spin in the tim
intervalsτ1 andτ3, respectively, and1r = r1 − r2. Due to the
displacement of the molecules, the local magnetic fields, e
rienced by a spin in the defocusing and refocusing periods
different. Hence, we can introduce an effective internal grad
g0(1r , r1) by

g0(1r , r1)1r = Bz(r1)− Bz(r2). [5]

Now, Eq. [4] can be rewritten as

ϕr1 = γ δg(t)1r + γ τ1g0(1r , r1)1r . [6]

The spin echo attenuation for all spins with the starting poinr1

can be written as (3)

9r1(g) =
∫

cos
(
ϕr1

)
P
(
ϕr1

)
dϕr1, [7]

where9r1(g) is the attenuation of the stimulated spin echo by
field gradients for the spins with the initial positionr1 andP(ϕr1)
denotes their phase distribution. For unrestricted diffusion,
distribution of the first term in Eq. [6], which is determine
by the distribution of1r , is described by a Gaussian functio
The phase distribution due to diffusion in the presence of n
constant, randomly distributed field gradients (the second t
in Eq. [6]), in general, cannot be approximated by a Gaus
distribution (9, 12). However, when the dephasing of magne
zation due to the internal field gradients is weak in compari
with that produced by the externally applied pulsed field gra
ents, the distribution ofϕr1 is still approximately Gaussian. Fo
GaussianP(ϕr1), Eq. [7] can be written as (3)

9r1(g) = exp
(−〈ϕ2

r1

〉/
2
)
, [8]
in
ase

where the brackets〈. . .〉 mean the averaging over the displace-
ments1r . Again using the assumption that the internal gradi-
ents are weak, we will neglect the term proportional tog2

0 in the



b

o

n

h
o

-

ich
are

an
at-

out
er
n of
of a

ec-
nly
m-

f
s

])

lel
sion

nder
ad,

he
in
ior.
and
230 VASENKO

expression for〈ϕ2
r1
〉. Hence, using Eq. [6], we can write〈ϕ2

r1
〉 as

〈
ϕ2

r1

〉 = (γ δg)2〈1z2〉 + 2γ 2δgτ1〈g0(1r , r1)1r1z〉, [9]

where it was assumed that the direction of the externally app
pulsed field gradients coincides with that ofB0. For unrestricted
diffusion holds

〈1z2〉 = 1/3〈1r 2〉, [10]

which finally yields〈
ϕ2

r1

〉 = (γ δg)2〈1r 2〉/3+ 2γ 2δg τ1〈g0(1r , r1)1r1z〉. [11]

To calculate the spin echo attenuation of all spins9(g), we must
average9r1(g) in Eq. [8] over all initial positionsr1,

9(g) = exp(−(γ δg)2〈1r 2〉/6)〈exp(−γ 2δgτ1

×〈g0(1r , r1)1r1z〉)〉r1, [12]

where〈. . .〉r1 means averaging overr1 and〈1r 2〉 was assumed
to be independent ofr1. The second exponent in Eq. [12] can
written as a cumulant expansion,

〈exp(−γ 2δgτ1〈g0(1r , r1)1r1z〉)〉r1

= exp
∞∑

n=1

((−γ 2δgτ1)n〈〈g0(1r , r1)1r1z〉n〉C/n!), [13]

where the cumulant averages can be represented as the n
averages overr1,

〈〈g0(1r , r1)1r1z〉1〉C = 〈〈g0(1r , r1)1r1z〉1〉r1,

〈〈g0(1r , r1)1r1z〉2〉C = 〈〈g0(1r , r1)1r1z〉2〉r1

−〈〈g0(1r , r1)1r1z〉〉2r1
, [14]

etc.
In general, the logarithm of the PFG NMR spin echo atte

ation in the presence of internal field gradients does not hav
exhibit single-exponential behavior when plotted as function
g2. However, we will now consider the case when ln (9(g,1)) is
proportional tog2, as given in Eq. [1], since it is often observe
experimentally. In order to satisfy this condition, all terms in t
cumulant expansion Eq. [13] except for the second one sh
be equal to zero. It is interesting to note that this correspond
the case of the Gaussian distribution of〈g0(1r , r1)1r1z〉 over
r1 . Now, we can rewrite Eq. [12] as

1 2 2
ln(9(g)) = −
6

(γ δg) 〈1r 〉

× [1−6γ 2τ 2
1 〈〈g0(1r , r1)1r1z〉2〉r1/〈1r 2〉]. [15]
V ET AL.
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By comparison of Eq. [15] with Eq. [1], it follows that the ap
parent self- diffusion coefficients are given by

Dapp= D
[
1− 6γ 2τ 2

1 〈〈g0(1r , r1)1r1z〉2〉r1/〈1r 2〉], [16]

where we made use of the well-known Einstein relation, wh
defines the true self-diffusion coefficient via the mean squ
displacement:

〈r 2(1)〉 = 6D1. [17]

Obviously, the apparent self-diffusion coefficient is smaller th
the true self-diffusion coefficient. The same conclusion was
tained in (13) and subsequently in (14) by considering inter-
nal field gradients, which are symmetrically distributed ab
g0 = 0, but which remain constant for each individual spin ov
its displacement length. Equation [16] represents an extensio
the theory of the stimulated echo PFG NMR in the presence
distribution of internal field gradients (13) to the case where the
internal field gradients may vary on the length scale of mol
ular displacements. It is important to note that Eq. [16] is o
valid if the second term in the square brackets is small in co
parison with the unit, i.e., for small deviations ofDapp from D.
In this case,D could be estimated from the dependence ofDapp

on τ 2
1 .

If the changes ofg0(1r , r1) are small over the length scale o
molecular displacements it can be expanded to first order a

g0(1r , r1) = g0
0(r1)+ ĝ1

0(r1)1r , [18]

where g0
0(r1) and ĝ1

0(r1) do not depend on1r . Substituting
g0(1r , r1) in Eq. [16] by the expansion to first order (Eq. [18
and again using Eq. [10], we obtain

Dapp= D

[
1− 2

3
γ 2τ 2

1

〈(
g0

0z(r1)
)2〉

r1
〈1r 2〉

]
, [19]

whereg0
0z(r1) is the component of the internal gradient paral

to the external one. The present paper focuses on the diffu
measurements under conditions when the changes ofg0(1r , r1)
are large on the length scale of molecular displacements. U
these conditions, Eqs. [18] and [19] are, clearly, invalid. Inste
Eq. [16] can be used to estimate the genuine diffusivities.

RESULTS AND DISCUSSION

Within the experimental error, which is determined by t
signal-to-noise ratios of the NMR signal, the PFG NMR sp
echo attenuation curves exhibit single-exponential behav
Figure 1 shows the attenuation curves recorded with the s
sample for twoτ -delays. Clearly, with increasingτ the slope of
1 1

the spin echo attenuations decreases, which corresponds to a de-
creasing apparent self-diffusivity. Note that the observation time
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FIG. 1. 1H PFG NMR spin echo attenuations observed for hexadecan
sand at 295 K by use of the stimulated spin echo sequence withτ1-delays of 870
(×) and 300µs (©).

and the length of the gradient pulses were kept constant. T
the observedτ1-dependence of the apparent self-diffusivity ca
not be caused by restricted diffusion effects.

Figure 2 shows the dependence of the apparent diffusion
efficients measured in the sand sample onτ 2

1 . It is seen that
for small τ1 values, a linear dependence ofDapp on τ 2

1 sat-
isfactorily describes the experimental data. This is in agr
ment with Eq. [16]. For largerτ1 values, there is a deviatio
from linear behavior, i.e.,Dapp decreases less strongly with in
creasingτ1 than required by a linear dependence ofDapp on
τ 2

1 observed for smallerτ1 values. It is interesting to note tha

FIG. 2. The apparent self-diffusion coefficients obtained for hexadec

in sand at 295 K for differentτ1 values by using the stimulated spin echo se
quence (©) and the 13-interval sequence (×). The solid line is a linear fit of the
dependence of the apparent diffusivities onτ2

1 for smallτ1 values.
DIFFUSION MEASUREMENTS 231
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the linear extrapolation of theτ 2
1 -dependence of the apparen

self-diffusivities toτ 2
1 = 0 yields a self-diffusion coefficient,

which is in reasonable agreement with the self-diffusion co
ficient measured using the 13-interval sequence. A compari
of the latter diffusivity (3.38× 10−10 m2/s) with the bulk dif-
fusion coefficient of hexadecane at 295 K (3.61× 10−10 m2/s)
shows a small difference between these values. This differe
is attributed to a restriction of hexadecane diffusion in the sa
sample (15, 16).

Also, for the doped and undoped pastes of MgO withn-
octanol, the echo attenuation was found to decay monoex
nentially within the experimental accuracy. In Fig. 3, the app
ent diffusion coefficients obtained for both the undoped and
doped samples are plotted as a function ofτ 2

1 . While there is no
noteworthyτ1-dependence in the case of the undoped sample
apparent diffusivities observed for the doped sample are fo
to decrease linearly withτ 2

1 for small τ1 values, as predicted
by Eq. [16]. Like in the case of the sand sample, a deviat
from the linear behavior is observed for largeτ1 values (Fig. 3).
Considering only the data obtained for smallτ1 values, we have
found that there is a good correspondence of the extrapola
to τ1 = 0 diffusivity in the doped sample with the diffusivities
observed in the undoped reference sample: The extrapola
to τ1 = 0 according to Eq. [16] yieldsD = (9.45± 0.3) ×
10−11 m2/s for the doped sample and for the undoped sam
we obtain a value of (9.49±1.6)×10−12 m2/s for all observation
times (see also Fig. 3).

As we know the characteristic correlation length of the i
ternal gradient in the doped MgO paste, we can also comp
it with the root mean square displacement over an observa
time of 100 ms. This displacement is about 4µm for the diffu-
sion coefficient ofn-octanol in the undoped MgO paste. Thu

FIG. 3. The apparent self-diffusion coefficients ofn-octanol measured by
stimulated echo PFG NMR at 295 K in a 1% Fe2O3-doped MgO paste (©) and

-in undoped MgO paste (×) for differentτ1 values. The solid line is a linear fit
of the dependence of the apparent diffusivities in the doped sample onτ2

1 for
smallτ1 values.
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the root mean square displacement corresponds to about h
the above estimated correlation length of the gradient.

The main assumption made in the presented theory is tha
molecular displacements over dephasing timeτ1 are negligibly
small. This also requires that theτ1 values remain small. Hence
the experimental observation made for large values ofτ1 (Figs. 2
and 3), i.e., the deviation of the dependence ofDapp on τ 2

1 from
the predicted linear dependence (Eq. [16]), does not contra
our model.

As the experimental examples clearly demonstrate, the th
of stimulated echo PFG NMR in the presence of internal m
netic field gradients presented in this paper shows a good a
ment with the experimental data. In addition to quantitativ
describing the dependence of the apparent self-diffusion co
cient on the dephasing delays, Eq. [16] also offers an experim
tal possibility for measuring genuine self-diffusion coefficien
for samples with internal magnetic field gradients without ne
ing to use a bipolar magnetic field gradient sequence. The l
technique needs more sophisticated gradient control equip
than what is necessary for a simple stimulated echo PFG N
experiment. Moreover, as was shown in (7), the application of
bipolar PFG NMR pulse sequences does not always remove
the distorting effects of internal field gradients on measured
fusivities when diffusing molecules experience spatially vary
field gradients. Even if the internal field gradient remains c
stant for each molecule over the dephasing and refocusing
intervals of the bipolar 13-interval pulse sequence conside
in (7), variation of the gradient over the store interval of the
quence may already be sufficient to induce errors in meas
diffusivities. In the latter case, the measured diffusivities w
observed to depend on the duration of dephasing time (τ ∗) (7).
Assuming a linear dependence of measured diffusivities onτ ∗,
the “true” diffusivities were extrapolated toτ ∗ = 0 in (7). The
extrapolated diffusivities were found to be close to the expec
self-diffusion coefficient.

In the present work we have adopted a similar approach
ing the simple stimulated spin echo sequence. An impres
agreement between the diffusion coefficient measured in a
erence MgO sample without internal magnetic field gradient
that extrapolated using Eq. [16] for the MgO sample with int
nal field gradients is a good illustration of the potentials of
proposed method of diffusion measurements in heterogen
media.

CONCLUSION

In this work we present a simple method which allows o
to obtain true self-diffusion coefficients in heterogeneous m
dia using the simple stimulated echo PFG NMR sequence.
method is based on Eq. [16], which is the main result of
theoretical model of PFG NMR stimulated spin echo in the pr

ence of spatially varying internal magnetic field gradients. Us
Eq. [16], genuine diffusivities in heterogeneous media can
extrapolated from the dependence of the apparent diffusivi
V ET AL.
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on the dephasing time interval of the stimulated spin echo
quence. The applicability of the presented model and Eq.
is restricted to small dephasing time intervals and to syst
where the normal, i.e., single-exponential, attenuation cu
are observed. For two heterogeneous porous systems, whe
conditions of the applicability of Eq. [16] are fulfilled, the e
trapolated diffusivities were found to be in agreement with
expected self-diffusion coefficients.

EXPERIMENTAL

Description of the NMR samples.PFG NMR measuremen
with two types of heterogeneous samples were performed.
first sample is a well-sorted quartz sand saturated with hex
cane. The grains of this sand exhibit a narrow grain size distr
tion with an average grain radius of about 200µm. For sample
preparation, 0.78 g of the dried sand was filled into an N
sample tube of 7.5 mm outer diameter. This amount filled
tube up to a height of about 1.5 cm. Subsequently, a volum
0.15 ml of hexadecane was added to the sand. This amounts
to 90% fluid saturation of the total available pore space betw
the grains, which prevents excess fluid in the sand. To exc
fluid loss by evaporation, the sample was sealed tightly. P
to any NMR measurement, the sample was centrifuged, w
ensured a high and repeatable packing density of the gr
Moreover, in the lower part of the sample tube, which is pla
in the sensitive region of the RF and gradient coil of the NM
spectrometer, a 100% fluid saturation of the sand is achieve
centrifuging.

In the sand sample, the magnetic susceptibility distributio
given by the nature of the sand and there is no reference
tem without the action of an internal gradient available. A
situation with such a reference system would be highly de
able, a sample with a purposefully introduced internal grad
(and the corresponding reference sample without this gradi
namely a Fe2O3 doped paste of MgO with octanol, along wi
a corresponding reference paste without the iron oxide d
ing was studied as well. The reference sample consists
paste prepared with 5 g of MgO (food grade “light” magne-
sia, obtained from Merck, Darmstadt) and 10 ml ofn-octanol
(analytical grade, also from Merck). Potentially present inte
magnetic field gradients in this paste due to different magn
susceptibilities of MgO andn-octanol can be neglected, since t
susceptibility difference between MgO and octanol is relativ
small.

The sample with an internal gradient was produced by d
ing the MgO powder with 1% in weight of a Fe2O3 powder
(obtained from Reanal, Budapest) with a grain size betw
2 and 5µm. The grain size was estimated from electron
croscopy images of the dry powder. From the size of the gr
and the dopant concentration, we can estimate a mean dista
ing
be

ties

16µm between the Fe2O3 grains in our sample. Hence, a char-
acteristic correlation length of the internal field gradient is about
8 µm. Sufficiently good mixing of the two oxides was ensured
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STIMULATED ECHO PFG NMR

by vigorous stirring of the powders in the dry state and again
stirring of the paste after the addition of octanol.

Details of the PFG NMR measurements.PFG NMR self-
diffusion measurements were carried out with the homeb
NMR spectrometer FEGRIS 400 NT operating at 400 MHz1H
resonance frequency. According to Eq. [16], the presenc
internal field gradients should lead to aτ 2

1 -dependence of the
apparent diffusivity measured with the stimulated spin echo
quence. In order to observe such influences, theτ1-delay in this
sequence was varied. For the measurements with differenτ1-
delays the duration of the magnetic field gradient pulsesδ was
kept constant. It was chosen to be smaller than the smallesτ1-
delay used in the measurements. The strength of magnetic
gradients was calibrated by performing a set of PFG NMR dif
sion measurements of water samples with the known diffus
coefficients. In heterogeneous samples, restriction of the s
diffusion of the observed molecules by the geometrical bou
aries between the different regions of the sample also lead
an observation of time dependence of the apparent diffusi
(15, 16). To avoid such effects, the observation time1 and the
length of the gradient pulses in PFG NMR were kept const
For PFG NMR stimulated spin echo measurements with rec
gular pulsed field gradients and a fixed delay between the
pulses and the field gradient pulses, the observation time1 is
given by the sum ofτ1 andτ2.

Thus, a constant observation time for each set ofτ1 delay
variations is achieved by a corresponding compensation in
τ2 delay. Note that in all casesτ1 was much smaller thanτ2.
Systematic errors in the PFG NMR stimulated echo meas
ments may also appear due to eddy current field (17). These
errors are caused by a distortion of the stimulated echo
nal. Under our measurement conditions such distortion was
observed. This rules out the influence of eddy current field
our PFG NMR stimulated echo measurements. For the m
surements with the hexadecane-saturated sand, theτ1-delay was
varied between 0.3 and 0.94 ms. Measurements at an o
vation time1 of 20 ms were performed. The width of th
field gradient pulsesδ was set to 0.15 ms. The spin echo a
tenuation was monitored for eachτ1 by increasing the inten-
sity g of the pulsed field gradients in 15 steps from zero up
16 T/m.

In order to evaluate the effects of the internal field gradie
on the spin echo attenuation recorded by the stimulated

echo sequence, diffusion measurements with the sand sam
were also performed using the 13-interval sequence (5) with
equalbipolar pulsed field gradients. The time intervals of th
DIFFUSION MEASUREMENTS 233
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13-interval sequence were chosen to correspond to those o
stimulated echo sequence. Thus, the observation time1 was
equal to 20 ms. The width of each of the bipolar gradients w
set to 0.15 ms. For diffusion measurements the intensity of
gradients varied from 0.5 to 9 T/m.

Due to the higher purity of the materials used for the Mg
samples and subsequently longer NMR relaxation times,
experiments with the pastes could be performed with a lon
observation time1 of 100 ms. Theτ1-delays varied from 0.5
to 0.9 ms. The width of the field gradient pulsesδ was set to
0.35 ms. The spin echo attenuation was monitored for eacτ1

by increasing the intensityg of the pulsed field gradients in 15
steps from zero up to 4 T/m.
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