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Over the past decade several pulsed field gradient stimulated-echo
methods have been presented for diffusion measurements in hetero-
geneous media. These methods have reduced or eliminated the cou-
pling between the applied magnetic field gradient and a constant
internal magnetic field gradient caused by susceptibility changes
throughout the sample. For many research purposes the z-storage
delay between the second and third /2 RF pulse has been included
in order to increase the decay of the echo attenuation to an appro-
priate level and to increase the signal-to-noise ratio by avoiding T,
relaxation of the magnetization in parts of the pulse sequence. For
these reasons a stimulated-echo method has been applied instead of a
spin-echo method. When studying systems where it is necessary to
keep the duration of the pulse sequence at a minimum, and one is not
dependent on using z-storage time to increase the echo attenuation or
to study diffusion as a function of observation time, a spin-echo
method should be chosen. Here we propose a bipolar pulsed field
gradient spin-echo method which is well suited to this purpose, and
preliminary diffusion measurements are presented as illustration.
© 1999 Academic Press
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INTRODUCTION

molecules during the pulse sequence, it is important to keep the
diffusion time short. With shorter diffusion times the distance
traveled by the molecules during the pulse sequence is reduced.
Depending on the crystallite sizes it will then be possible to
extract true intracrystallite diffusion coefficients instead of a
diffusion coefficient which is significantly affected by restric-
tions at the crystallite surfaces.

The application of bipolar magnetic field gradients in the
preparation and read intervals introduces two or merBF
pulses in the pulse sequence. Depending on the RF-field ho-
mogeneity this may result in a significant signal contribution
from unwanted coherence transfer pathwayst¢ the echo
attenuation, which again will lead to an erroneous interpreta-
tion of the analysis of the echo attenuatid® 7). This un-
wanted echo signal can be greatly reduced or removed by
applying sophisticated phase cycling schen®s @rthogonal
spoiler gradientsg), or unequal bipolar gradient3)(

As the present NMR diffusion probes and gradient power
supply may generate magnetic field gradient strengths that
make thez-storage period unnecessary, a bipolar version of the
pulsed field gradient spin echo (PFGSE) can be employed
instead of a stimulated-echo sequence. Karlietkal. (8)
presented a set of PFGSE sequences which are spin echo

analogues to the stimulated echo sequences presented by Cotts

In work with diffusion measurements in heterogeneous medth al- (1), starting from the 17-interval sequence and upward.
it has become evident that a bipolar form of the pulsed fieldere we present the spin-echo analogue to the 13-interval
gradient sequence is a powerful method for reducing the cré$gnulated-echo sequence given by Cetsal., the so-called
term between the applied and internal magnetic field gradignt A 1-interval bipolar PFGSE sequence.
and in reducing the eddy current dead tirgle Without a bipolar ~ The benefit from using the proposed sequences is that the
version of the gradient pulse sequences, the measured diffusivii@gstant background gradient assumption is at its highest va-
m|ght be underestimated;,(4), and errors due to eddy Currenﬂidity, the diffusion time is reduced to a minimum, and less
field are likely to occur when analyzing a Fourier transformatio#wanted echo signal is generated compared to the 13-interval
of the FID of the echo signal2). The basic assumption for (Pulsed field gradient stimulated-echo (PFGSTE) sequence and
elimination of the effect caused by the cross term when derivig the PFGSE sequences presented by Karlate)l. (8).
the echo attenuation is that all molecules are experiencing a
constant internal magnetic field gradient during the pulse se-
guence. This assumption is at its highest validity when having the
shortest duration on the pulse sequence applied.

For porous systems where porous grains or crystallites are offhe general PFGSE method for measuring diffusion consists
the same order of magnitude as the distance traveled by diéwo intervals, the preparation and the read interval (Fig. 1).
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w2 8 T 8 version presented by Sgrlamd al. (7). The part of the 13-
interval PFGSTE sequence which stores the magnetization in
the longitudinal direction is simply omitted. This is the shortest

¢ £ bipolar PFGSE sequence which is possible to construct when
=0 T =21 one is aiming at reducing or eliminating the effect of diffusion
PREPARE READ in the presence of strong internal magnetic field gradients. In
FIG. 1. The PFGSE sequence where the prepare interval labels the phds@gtrast to the ordinary PFGSTE sequence there is no store
of the spins, and the read interval unlabels the spins. period in which the spins are allowed to diffuse between

labeling and unlabeling, and a significant echo attenuation will
thus be more dependent on the features of the diffusion probe
ahd gradient power supply.
Following the procedure of Cottst al. (1) we divide the
sequences into 11 parts where the effecgjit is not changed
by the RF pulses or onset/offset of applied magnetic field
gradient pulses. Then we may perform the evaluation of Eq. [3]
¢ = VJ g(t) z()dt, [1] sequentially. Denoting = g.,'i andf = gey - (i — X) where
0. IS the gradient strength per ampere, arahd ( — X) are

where y is the gyromagnetic ratio ang(t) the longitudinal cg\/r(rainéyamplltudes, the result for the 11-interval sequence is

position of the molecules. In the read interval, the spins ave
unlabeled, and if molecules have moved in the direction of the

In the preparation interval the molecules are labeled with
phase proportional to the integral of the effective gradggit
in the longitudinal direction,

applied magnetic field gradient during the sequence, this will | e s ,[3 81[. x/7—8I6\7°
result in a dephasing of the magnetization given by In L, Dgc(29) [2 T 6} [' "2\, 8/6)}
2
A = vgd (Zgn— Z8h9, [2] — v2DQg8(8; — 8,)7(2i — X)G, + offset,  [4]

whereg is the amplitude of the pulsed magnetic field gradient, ) ) . .
5is thg duration gf the gradienF; pulse asﬂe d_ Zprep§r3 is wherex is the difference in gradient strength betwdeandg.

the center of mass distance traveled by the molecules durﬂ%e offset is a small constant term due to this difference in
the pulse sequencé®)( When dephasing due to diffusion isaT'Plitude off andg, and is given by

taken into account, the logarithm of the normalized echo at-

tenuation of a homogeneous system is generally writBn ( (1 — 8/6)2

offset= —y2D§? — (11— 8/3)|x% [5]

. 2 3r—8/6
. ,
In = —-v2D f (f g(t") dt”) dt’, [3]
0 o \Yo The time constants are defined according to Fig. 2. When
0 there is no difference in amplitudesfadindg, and the offset
whereD is the diffusion coefficient. term equals 0. Equations [4] and [5] are thus valid for both

The proposed 11-interval PFGSE sequence is shown in Fégjual and unequal bipolar gradients. A small cross term is left
2. When splitting the sequence into its separate RF and grdatween the applied and the internal magnetic field gradient as
ent parts, one observes that the RF-pulse sequence is a dofdsléhe 13-interval PFGSTE sequence. This term is canceled
spin echo while the gradient sequence is identical to the bipofaovideds, = .

2 n n

t=0 T f 47

FIG. 2. The 11-interval PFGSE sequence with bipolar gradients.
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TABLE 1 unwanted coherence transfer pathwaygpas 0 - -1 —
A Phase Sequence Which Removes Unwanted Coherence -1 —- -1andp=0—- -1 - 0 — —1. Unwanted
Transfer Pathways in the 11-Interval Spin-Echo Sequence coherence transfer pathwaysms: 0 — 1 — —1 — — 1 will

_ _ not contribute to the NMR echo signal as the sequence of

Number 72 First 7 Secondr Receiver . . . . .
effective gradient pulses does not result in a gradient echo with

1 +x +y —y x this coherence transfer pathway.
2 +X +y +y +X
3 +x +y -X -X RESULTS AND DISCUSSION
4 +X —X +y —X

As in Sgrlancket al. (7), we performed a set of magnetic field
EXPERIMENTAL gradient calibration experiments in order to check the degree of
removal of signal arising from possible unwanted coherence
The experiments were performed with a Bruker Avandgansfer pathways. The duration of thé2 and 7 RF pulses
DMX200 spectrometer using a homebuilt diffusion probe arwlas deliberately set to values different from the correct ones,
a DMX400 spectrometer using a commercially availablend for each experiment a gradient strength was fitted to the
Bruker diffusion probe. For the homebuilt diffusion probe thenonoexponential echo attenuation (Fig. 3). As can be seen in
maximum gradient strength applied was approximately 1 T/Rig. 3 there is no significant RF-pulse dependence for the two
while one had access to 9 T/m using the Bruker diffusioturves using equal and unequal bipolar magnetic field gradi-
probe. ents. All values are within 0.218 0.002 T/m A, but there
The echo attenuations resulting from the diffusion expeigeems to be a small systematic difference in calibrated gradient
ments were recorded in real time domain at the time of tis¢rength when comparing the gradient strength values from the
echo;t = 4r. Thereby any impact from magnetic field tranequal bipolar gradient experiments with the values from the
sients on the experimental datasets was minimized. No shiftunequal bipolar gradient experiments. If this difference were
the appearance of the echo peak was observed, and any @igp to a failure in removing the unwanted NMR signal when
nificant mismatch between the time integral of the applig#sing equal bipolar gradients, this should result in a nonlinear
effective gradient in the preparation and read interval is for thigghavior in the logarithm of the spin-echo attenuation. Figure
reason not present. Applying gradient preemphasis with thréehows a recording of the echo attenuation using equal bipolar
exponential correction terms, the eddy current dead time wggdient, and one may see that there indeed is a linear behavior
less than 35Qs for both diffusion probes. Without preemphadown to at least-8. The small systematic difference may be
sis adjustment the dead times were approximately 1-2 negplained in the following way. There is a difference in mag-
depending on pulse sequence and gradient pulse lengths gatic field transients induced by a pair of equal bipolar gradi-
ployed. ents compared to a pair of unequal bipolar gradients. The larger
For the calibration measurements we made use of distilled
water, while the diffusion measurements for illustration of the
proposed sequence were performed on ethane confined i@.235 : - . T
H-ZSM5 zeolites.
The H-ZSM5 diffusion measurements at the longest obser- 0.23f 1
vation times were done with the homebuilt diffusion probefc_
applying gradient pulse lengths of 1 ms with amplitudes up t& 0.225-
1 T/m. The 13-interval stimulated-echo sequen@en@d to be £
used as proper signal-to-noise required a storage of the NMR o0.22} x x x x .
signal in the longitudinal direction when studying the apparertz e o 8 % o o
intracrystallite diffusion at relatively long observation times.go.215 "
Since the longitudinal relaxation time for ethane in H-ZSM5 is2
of the order of 100 ms while the transverse relaxation time i§ 0.21f
of the order of 1 ms, the observation time was varied by
changing the duration of the store periaf). (For the shortest  o.205
observation times we used the proposed 11-interval spin-echo
sequence and a maximum gradient strength of 4.5 T/m for the o2 : = . s o
0.5-ms-long gradient pulses. The observation time was then "90" degree RF pulse duration / s

changed by increasing, from 850 us and upwards, was set _ .
FIG. 3. Apparent gradient strength as a function of the length of the “90™

t0 S0 us for all experiments. . . RF pulse. Q) Apparent gradient strength values for the sequence with equal
The pha;e sequence employed. fpr the 11-interval spin-eq@iar gradients:X) Values for the sequence with unequal bipolar gradients.
sequence is given in Table 1, and it is constructed for removimge real 90° pulse was found to be 5.

T
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. This error varied randomly when decreasi®igdown to 350

wus. For our preliminary measurements, the shoidesipplied

was 850us.

i The shorter the observation time the closer we are to mea-

suring the true intracrystallite diffusion. When the observation

1 time is sufficiently short, one should be able to fit the experi-

mental dataset into the short diffusion time model proposed by

Mitra et al. (10). Then, the fitted value at zero observation time

4 should give the true intracrystallite diffusivity. Our preliminary

diffusion measurements are not close enough to perform such

a fit with proper accuracy since the course of the curve in Fig.

5 is not determined for shorter observation times. However, the

slope indicates that the true intracrystallite diffusivity is ap-

{1 proaching 1.0 10° m%s. The measurements do, however,

demonstrate the need for measuring diffusion at as short ob-

9 0.005 0.01 0.015 0.02 servation times as possible, and it is for this purpose we have

—F D (28)%(3v/2-8/6)i2 designed the 11-interval PFGSE sequence for diffusion mea-

, . surements in the presence of internal magnetic field gradients.
FIG. 4. The (In(/l,) attenuation for the 11-interval PFSGSE sequence

using equal bipolar gradients<(= 0). The solid line represents the linear
calibration with gradient strength 0.209 T/m A. CONCLUSION

In(l/lo)—attenuation
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We have introduced the 11-interval spin-echo analogue to
the difference is in absolute magnitude between the gradiefé 13-interval stimulated-echo sequence for accurate diffusion
pulses in a bipolar pair, the less efficient is the cancellation gfeasurements in the presence of significant internal magnetic
the magnetic field transients following the pair. As the calfield gradients. The 11 intervals yield the shortest sequence
brated gradient strength is dependent on the time integral of thRich is possible to construct when one is aiming at canceling
magnetic field gradient over the test sample, one should thetige cross terms between the applied and internal magnetic field
fore expect higher calibration values when using unequal Bjradients by using bipolar gradient pulse pairs. The proposed
polar gradients. sequence is less sensitive to unwanted coherence transfer path-

The 11-interval spin-echo analogue to the 13-interval stifizays when using the proposed phase cycle, leading to a lin-
ulated-echo sequence is not as sensitive to whether one is ugiggty of the logarithm of the echo attenuation down to at least
equal or unequal bipolar gradients, and for the illustrativeg8. The measurements of the apparent intracrystallite diffu-
diffusion experiments on ethane in H-ZSM5 we have made use
of equal bipolar gradients. In Fig. 5 we have displayed the two
sets of diffusion measurements as described under Experimen- . . . . . . : .
tal. Due to the shorter duration of the gradient pulses and [ 9r
store period applied when using the 11-interval spin-eclz_B
sequence, we were able to reduce the minimum effective
diffusion time from 3.8 ms using the 13-interval PFGSTE3, 7 1
sequence to 2.1 ms. The achieved reduction in observation tir’ée
revealed useful information on the measured intracrystallitg +
diffusion, as we observe that by decreasing the observatidh st + .
time, the measured diffusivity increased. This can be explain@ ° o
by the fact that as observation time decreases, fewer intracrys- ° o
tallite ethane molecules are experiencing the restrictions at tige 3
surface barriers, and fewer restrictions are imposed on ther.
Those molecules leaving the crystallites during the diffusio% 2r
experiment are not contributing to the spin-echo attenuation &s 1| .
the echo signal from the fast-diffusing intercrystallite ethane is
suppressed by the applied magnetic field gradient pulses. The®% ™ o5 1 15 2 25 3 35 4 as
increase in the measured diffusivity is not an eddy current Square root of time / ms'/?
effect because the gradient strength used in the 1l'mterV6HIG. 5. Measured restricted intracrystallite diffusivity of ethane in H-ZSM5

spin-echo sequence was calibrated for each valde, @ind the 4 different diffusion times:+, data acquired with the 11-interval PFGSE se-
error in the calibrated gradient strength was withi2.5%. quence; an®, data acquired with the 13-interval PFGSTE sequence.

-
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sion of ethane in H-ZSM5 illustrate that important information3. J. Zhong, R. P. Kennan, and J. C. Gore, J. Magn. Reson. 95, 267
on the behavior of the measured diffusivity is revealed when (1992
decreasing the observation time by using the shortest puldeJ- M. Dereppe, C. Moreaux, and F. Humbert, Microporous Meso-

sequence possible.
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