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Over the past decade several pulsed field gradient stimulated-echo
ethods have been presented for diffusion measurements in hetero-

eneous media. These methods have reduced or eliminated the cou-
ling between the applied magnetic field gradient and a constant

nternal magnetic field gradient caused by susceptibility changes
hroughout the sample. For many research purposes the z-storage
elay between the second and third p/2 RF pulse has been included

n order to increase the decay of the echo attenuation to an appro-
riate level and to increase the signal-to-noise ratio by avoiding T2

elaxation of the magnetization in parts of the pulse sequence. For
hese reasons a stimulated-echo method has been applied instead of a
pin-echo method. When studying systems where it is necessary to
eep the duration of the pulse sequence at a minimum, and one is not
ependent on using z-storage time to increase the echo attenuation or
o study diffusion as a function of observation time, a spin-echo
ethod should be chosen. Here we propose a bipolar pulsed field

radient spin-echo method which is well suited to this purpose, and
reliminary diffusion measurements are presented as illustration.
1999 Academic Press

Key Words: pulsed field gradient spin-echo method; bipolar
agnetic field gradients; short observation time; restricted in-

racrystallite diffusion; zeolites.

INTRODUCTION

In work with diffusion measurements in heterogeneous m
t has become evident that a bipolar form of the pulsed
radient sequence is a powerful method for reducing the

erm between the applied and internal magnetic field gradie1)
nd in reducing the eddy current dead time (2). Without a bipola
ersion of the gradient pulse sequences, the measured diffus
ight be underestimated (3, 4), and errors due to eddy curre

eld are likely to occur when analyzing a Fourier transforma
f the FID of the echo signal (2). The basic assumption f
limination of the effect caused by the cross term when der

he echo attenuation is that all molecules are experienc
onstant internal magnetic field gradient during the pulse
uence. This assumption is at its highest validity when havin
hortest duration on the pulse sequence applied.
For porous systems where porous grains or crystallites a

he same order of magnitude as the distance traveled b
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olecules during the pulse sequence, it is important to kee
iffusion time short. With shorter diffusion times the dista

raveled by the molecules during the pulse sequence is red
epending on the crystallite sizes it will then be possibl
xtract true intracrystallite diffusion coefficients instead o
iffusion coefficient which is significantly affected by restr

ions at the crystallite surfaces.
The application of bipolar magnetic field gradients in

reparation and read intervals introduces two or morep RF
ulses in the pulse sequence. Depending on the RF-fiel
ogeneity this may result in a significant signal contribu

rom unwanted coherence transfer pathways (5) to the echo
ttenuation, which again will lead to an erroneous interp

ion of the analysis of the echo attenuation (6, 7). This un-
anted echo signal can be greatly reduced or remove
pplying sophisticated phase cycling schemes (2), orthogona
poiler gradients (6), or unequal bipolar gradients (7).
As the present NMR diffusion probes and gradient po

upply may generate magnetic field gradient strengths
ake thez-storage period unnecessary, a bipolar version o
ulsed field gradient spin echo (PFGSE) can be empl

nstead of a stimulated-echo sequence. Karliceket al. (8)
resented a set of PFGSE sequences which are spin
nalogues to the stimulated echo sequences presented b
t al. (1), starting from the 17-interval sequence and upw
ere we present the spin-echo analogue to the 13-int
timulated-echo sequence given by Cottset al., the so-called
1-interval bipolar PFGSE sequence.
The benefit from using the proposed sequences is tha

onstant background gradient assumption is at its highes
idity, the diffusion time is reduced to a minimum, and l
nwanted echo signal is generated compared to the 13-in
pulsed field gradient stimulated-echo (PFGSTE) sequenc
o the PFGSE sequences presented by Karliceket al. (8).

THEORY

The general PFGSE method for measuring diffusion con
f two intervals, the preparation and the read interval (Fig
1090-7807/99 $30.00
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In the preparation interval the molecules are labeled w
hase proportional to the integral of the effective gradientg(t)

n the longitudinal direction,

f 5 g E g~t! z~t!dt, [1]

here g is the gyromagnetic ratio andz(t) the longitudina
osition of the molecules. In the read interval, the spins
nlabeled, and if molecules have moved in the direction o
pplied magnetic field gradient during the sequence, this
esult in a dephasing of the magnetization given by

Df 5 ggd ~Z com
read2 Z com

prepare!, [2]

hereg is the amplitude of the pulsed magnetic field gradi
is the duration of the gradient pulse, and (Zcom

read 2 Zcom
prepare) is

he center of mass distance traveled by the molecules d
he pulse sequence (9). When dephasing due to diffusion
aken into account, the logarithm of the normalized echo
enuation of a homogeneous system is generally written8)

ln
I

I 0
5 2g 2 D E

0

t S E
0

t9

g~t0! dt0D2

dt9, [3]

hereD is the diffusion coefficient.
The proposed 11-interval PFGSE sequence is shown in

. When splitting the sequence into its separate RF and g
nt parts, one observes that the RF-pulse sequence is a
pin echo while the gradient sequence is identical to the bi

FIG. 1. The PFGSE sequence where the prepare interval labels the
f the spins, and the read interval unlabels the spins.

FIG. 2. The 11-interval PFG
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ersion presented by Sørlandet al. (7). The part of the 13
nterval PFGSTE sequence which stores the magnetizati
he longitudinal direction is simply omitted. This is the shor
ipolar PFGSE sequence which is possible to construct
ne is aiming at reducing or eliminating the effect of diffus

n the presence of strong internal magnetic field gradient
ontrast to the ordinary PFGSTE sequence there is no
eriod in which the spins are allowed to diffuse betw

abeling and unlabeling, and a significant echo attenuation
hus be more dependent on the features of the diffusion p
nd gradient power supply.
Following the procedure of Cottset al. (1) we divide the

equences into 11 parts where the effectiveg(t) is not change
y the RF pulses or onset/offset of applied magnetic
radient pulses. Then we may perform the evaluation of Eq
equentially. Denotingg 5 gcal z i andf 5 gcal z (i 2 x) where
cal is the gradient strength per ampere, andi and (i 2 x) are
urrent amplitudes, the result for the 11-interval sequen
iven by

ln
I

I 0
5 2g 2Dg cal

2 ~2d! 2 F3

2
t 2

d

6G F i 2
x

2 S t 2 d/6
3
2 t 2 d/6DG

2

2 g 2Dgcald~d1 2 d2!t~2i 2 x!G0 1 offset, [4]

herex is the difference in gradient strength betweenf andg.
he offset is a small constant term due to this differenc
mplitude off andg, and is given by

offset5 2g 2Dd 2S ~t 2 d/6! 2

3
2 t 2 d/6

2 ~t 2 d/3!Dx2. [5]

he time constants are defined according to Fig. 2. Whenx 5
there is no difference in amplitudes off andg, and the offse

erm equals 0. Equations [4] and [5] are thus valid for b
qual and unequal bipolar gradients. A small cross term i
etween the applied and the internal magnetic field gradie

or the 13-interval PFGSTE sequence. This term is canc
rovidedd1 5 d2.

ses

sequence with bipolar gradients.
SE
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EXPERIMENTAL

The experiments were performed with a Bruker Ava
MX200 spectrometer using a homebuilt diffusion probe
DMX400 spectrometer using a commercially availa

ruker diffusion probe. For the homebuilt diffusion probe
aximum gradient strength applied was approximately 1
hile one had access to 9 T/m using the Bruker diffu
robe.
The echo attenuations resulting from the diffusion exp
ents were recorded in real time domain at the time o
cho; t 5 4t. Thereby any impact from magnetic field tra
ients on the experimental datasets was minimized. No sh
he appearance of the echo peak was observed, and an
ificant mismatch between the time integral of the app
ffective gradient in the preparation and read interval is for
eason not present. Applying gradient preemphasis with
xponential correction terms, the eddy current dead time

ess than 350ms for both diffusion probes. Without preemph
is adjustment the dead times were approximately 1–2
epending on pulse sequence and gradient pulse length
loyed.
For the calibration measurements we made use of dis
ater, while the diffusion measurements for illustration of
roposed sequence were performed on ethane confin
-ZSM5 zeolites.
The H-ZSM5 diffusion measurements at the longest ob

ation times were done with the homebuilt diffusion pr
pplying gradient pulse lengths of 1 ms with amplitudes u
T/m. The 13-interval stimulated-echo sequence (7) had to be
sed as proper signal-to-noise required a storage of the
ignal in the longitudinal direction when studying the appa
ntracrystallite diffusion at relatively long observation tim
ince the longitudinal relaxation time for ethane in H-ZSM
f the order of 100 ms while the transverse relaxation tim
f the order of 1 ms, the observation time was varied
hanging the duration of the store period (7). For the shortes
bservation times we used the proposed 11-interval spin
equence and a maximum gradient strength of 4.5 T/m fo
.5-ms-long gradient pulses. The observation time was
hanged by increasingd2 from 850ms and upward.d1 was se
o 50 ms for all experiments.

The phase sequence employed for the 11-interval spin
equence is given in Table 1, and it is constructed for remo

TABLE 1
A Phase Sequence Which Removes Unwanted Coherence
Transfer Pathways in the 11-Interval Spin-Echo Sequence

Number p/2 First p Secondp Receiver

1 1x 1y 2y 1x
2 1x 1y 1y 1x
3 1x 1y 2x 2x
4 1x 2x 1y 2x
e
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nwanted coherence transfer pathways asp 5 0 3 21 3
1 3 21 and p 5 0 3 21 3 0 3 21. Unwanted

oherence transfer pathways asp 5 03 13 213 21 will
ot contribute to the NMR echo signal as the sequenc
ffective gradient pulses does not result in a gradient echo

his coherence transfer pathway.

RESULTS AND DISCUSSION

As in Sørlandet al.(7), we performed a set of magnetic fie
radient calibration experiments in order to check the degr
emoval of signal arising from possible unwanted coher
ransfer pathways. The duration of thep/2 andp RF pulses
as deliberately set to values different from the correct o
nd for each experiment a gradient strength was fitted t
onoexponential echo attenuation (Fig. 3). As can be se
ig. 3 there is no significant RF-pulse dependence for the
urves using equal and unequal bipolar magnetic field g
nts. All values are within 0.2186 0.002 T/m A, but ther
eems to be a small systematic difference in calibrated gra
trength when comparing the gradient strength values from
qual bipolar gradient experiments with the values from
nequal bipolar gradient experiments. If this difference w
ue to a failure in removing the unwanted NMR signal w
sing equal bipolar gradients, this should result in a nonli
ehavior in the logarithm of the spin-echo attenuation. Fi
shows a recording of the echo attenuation using equal bi
radient, and one may see that there indeed is a linear be
own to at least28. The small systematic difference may
xplained in the following way. There is a difference in m
etic field transients induced by a pair of equal bipolar gr
nts compared to a pair of unequal bipolar gradients. The l

FIG. 3. Apparent gradient strength as a function of the length of the “
F pulse. (E) Apparent gradient strength values for the sequence with
ipolar gradients; (3) Values for the sequence with unequal bipolar gradie
he real 90° pulse was found to be 7.5ms.
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he difference is in absolute magnitude between the gra
ulses in a bipolar pair, the less efficient is the cancellatio

he magnetic field transients following the pair. As the c
rated gradient strength is dependent on the time integral
agnetic field gradient over the test sample, one should t

ore expect higher calibration values when using unequa
olar gradients.
The 11-interval spin-echo analogue to the 13-interval s

lated-echo sequence is not as sensitive to whether one is
qual or unequal bipolar gradients, and for the illustra
iffusion experiments on ethane in H-ZSM5 we have made
f equal bipolar gradients. In Fig. 5 we have displayed the
ets of diffusion measurements as described under Exper
al. Due to the shorter duration of the gradient pulses an
tore period applied when using the 11-interval spin-e
equence, we were able to reduce the minimum effe
iffusion time from 3.8 ms using the 13-interval PFGS
equence to 2.1 ms. The achieved reduction in observation
evealed useful information on the measured intracryst
iffusion, as we observe that by decreasing the observ

ime, the measured diffusivity increased. This can be expla
y the fact that as observation time decreases, fewer intra

allite ethane molecules are experiencing the restrictions a
urface barriers, and fewer restrictions are imposed on t
hose molecules leaving the crystallites during the diffu
xperiment are not contributing to the spin-echo attenuatio

he echo signal from the fast-diffusing intercrystallite ethan
uppressed by the applied magnetic field gradient pulses
ncrease in the measured diffusivity is not an eddy cur
ffect because the gradient strength used in the 11-int
pin-echo sequence was calibrated for each value ofd2, and the
rror in the calibrated gradient strength was within62.5%.

FIG. 4. The (ln(I /I 0) attenuation for the 11-interval PFSGSE seque
sing equal bipolar gradients (x 5 0). The solid line represents the line
alibration with gradient strength 0.209 T/m A.
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his error varied randomly when decreasingd2 down to 350
s. For our preliminary measurements, the shortestd2 applied
as 850ms.
The shorter the observation time the closer we are to

uring the true intracrystallite diffusion. When the observa
ime is sufficiently short, one should be able to fit the exp
ental dataset into the short diffusion time model propose
itra et al. (10). Then, the fitted value at zero observation t

hould give the true intracrystallite diffusivity. Our prelimina
iffusion measurements are not close enough to perform
fit with proper accuracy since the course of the curve in
is not determined for shorter observation times. Howeve

lope indicates that the true intracrystallite diffusivity is
roaching 1.0z 1029 m2/s. The measurements do, howev
emonstrate the need for measuring diffusion at as shor
ervation times as possible, and it is for this purpose we
esigned the 11-interval PFGSE sequence for diffusion
urements in the presence of internal magnetic field grad

CONCLUSION

We have introduced the 11-interval spin-echo analogu
he 13-interval stimulated-echo sequence for accurate diffu
easurements in the presence of significant internal mag

eld gradients. The 11 intervals yield the shortest sequ
hich is possible to construct when one is aiming at canc

he cross terms between the applied and internal magnetic
radients by using bipolar gradient pulse pairs. The prop
equence is less sensitive to unwanted coherence transfe
ays when using the proposed phase cycle, leading to
arity of the logarithm of the echo attenuation down to at l
8. The measurements of the apparent intracrystallite d

e

FIG. 5. Measured restricted intracrystallite diffusivity of ethane in H-ZS
t different diffusion times.1, data acquired with the 11-interval PFGSE
uence; andE, data acquired with the 13-interval PFGSTE sequence.
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ion of ethane in H-ZSM5 illustrate that important informat
n the behavior of the measured diffusivity is revealed w
ecreasing the observation time by using the shortest
equence possible.
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