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When two pairs of position-encoding pulses are used in a pulsed  cessions due to chemical shift effects and field inhomogeneitie:
gradient spin echo (PGSE) NMR experiment, it is possible to ex-  In the standard PGSE NMR experimédt ; andG , are set to
amine velocity fluctuations. The one-dimensional version of double  pe jdentical in value®), so that there will also be a cancelation

PGSE NMR usesidentical pulse pairs whose amplitudes are stepped ¢ phase shifts due to the mean spin position. Only the chang
simultaneously. In the two-dimensional version (VEXSY) the pulse in position,Z = —z; + z,, over the duration leads to a phase
pairs are stepped independently, resulting in a velocity exchange term and this may be written as ekpG Z).

spectrum. A key limitation in such experiments is transverse relax- . .
P y P It is conventional to regard the effect of the two pulses as

ation, so that stimulated echoes are often used as the method of o . 1
choice. It is shown here that the use of stimulated echoes results d€fining a scattering wavevect@)(q = (27)~"y G4. The nor-

in a superposition of signals arising from different magnetization ~Malized echo attenuation is related to the spin displacemen
pathways such that the spin phases may reflect both the sum and ~ Z1 (parallel to the gradient direction) that take place over the
difference of displacements over the pulse pair encoding times, as  durationA between the gradient pulses as

well as the displacement over the exchange time between the pulse

pairs. A phase cycle scheme that selects desired encodings as re- E(q) = (exp(2rqZ)). [1]
quired is demonstrated. © 2001 Academic Press

The ensemble average -) is precisely the integral of the phase
factor exp(27q Z) weighted by the probability density for dis-
INTRODUCTION placement over the timé, namely the average propagator
Ps(Z, A). ThuskE is the Fourier transform d®s(Z, A) and this
Pulsed gradient spin echo NMR,,(2) is used to measure propagator can in principle be reconstructed by measufing
translational displacements of spin-bearing molecules over iner a range of] values and performing an inverse FT.
duration between two gradient pulses. Each of these pulses pran double PGSE NMRZ, 3), a second pair of PGSE gradient
duces a local phase shift in the transverse magnetization, whithses is applied at a later time (along the same encoding axi:
depends on the nuclear spin position. Because the two pultgethe same transverse magnetization. The result is to add a se
are organized to produce opposite shifts, the cumulative effertd phase difference arising from the later displacement. Fou
of the spin pair is to produce a phase difference proportionalgeparate phase encodings arise from the four different gradie
the change in position, i.e., displacement. pulsesGi 1, G1.2, G2.1, andG, 2. The choice of main subscripts
The basic PGSE NMR pulse sequence is shown in Fig. Tlaand 2 is based on a labeling that corresponds with the inde
A gradient pulse of duratiod and amplitudeG causes a lo- of the RF pulse(s) around which the gradient pulse pairs ar
cal dephasing for a spin isochromat as positidoy an angle grouped, as apparent in Fig. 1 and where the RF pulse(s) ass
¢ = y8G.r, leading to a phase factor exp]. In the sequence ciated with the mixing period have phasg.
shown in Fig. 1a, we will assume that the magnetic field gra- We will distinguish these phases by ; to ¢, and the two
dient is applied along some particular axis of the sample (sphase differences of interest &g, — ¢1.1 andeg 2 — ¢2.1. The
the z axis) and that the amplitudes of the two gradient pulsesrresponding| andZ values associated with these differences
are given byG; ; andG; ,. Assuming the narrow gradient pulseare q; andd, and Z; and Z,. The basic double PGSE NMR
approximation § < A), and labeling the position of a partic-pulse sequence is shown in Fig. 1b. The resultant echo has tl
ular spin at the time of the two gradient pulseszasandz, normalized amplitude
respectively, the net result of the spin echo sequence (neglect-
ing relaxation effects) is to induce a phase shift, for that spin E(q1, o) = (exp(2rq1Z;1 + 127 Qe Z3)). [2]
isochromat, of expf/8[—G1.121, + G122]), or in a simpler
shorthand, exp[—¢1.1 + ¢1.2])- The subtraction of phases isIn the case that the two pulse pairs have thieivalues var-
essential to the echo formation and leads to cancelation of pied entirely independently, a 2-dimensional data acquisitior
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FIG. 1. (a) Schematic RF and gradient pulse sequence for a simple PGSE NMR experiment in which the gradient p@s¢ iarsepped. (b) Schematic
RF and gradient pulse sequence for a general double PGSE NMR experiment in which the gradient pul&spaeasiepped either in unison/anti-unison or
independently. Here, the 98G1 1—180-G1 2—tm/2-180—-11/2-G2,1—-180—-G3 2—acq version is shown. In the 1-D versitn ; = +£G12 = G, depending on
whether compensated or uncompensated phase addition is required. In the 2-D version (VEX&)G, are stepped independently. The corresponding phase
cycle is given in Table 1. (c) The same as for (b), but for the-8) 1-180-G1 2—90—t—90°-G2,1—180-G 2—acq version in whiclz storage is used for the
mixing period. The corresponding phase cycle is given in Table 2. (d) The same as for (b), but fot-tBg OC-90-G1 2—tm/2—-180—11n/2-G2,1-90—
90°—G» 2—acq version in whiclz storage is used for the encoding period. The corresponding phase cycle is given in Table 3. (e) The same as for (b), but f
90°—-G1,1-90-90-G1,,-90—tn—90 -G, 1-90°-90°-G, »—acq version in whicl storage is used for the encoding and mixing periods. The corresponding pha

cycles are given in Tables 4 and 5.

results. This method is known as velocity exchange spectroscapym Ps(Z;, A)P(Z1, tm|Z2, A), WwhereP(Z,, tm|Z,, A) gives
(VEXSY) (4) and generates a 2-dimensional dataEsgh, g2) the conditional probability that a molecule that moved by
as given by Eq. [2]. Double Fourier transformation with reever the time delay will displace by Z, over A when this
spect tog; and g, returns the two-dimensional Fourier speclatter measurement is made after the detgy VEXSY may
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FIG. 1—Continued

be used to examine how the distribution of velocities duriniow from pseudo diffusion2). Third it may be used to probe
flow, changes over a well-defined timescalp (n that sense,, fluctuations in the velocity field over the well-defined mixing
plays the part of an exchange or mixing time, in the manner tifne (3, 7, 8, 13. And finally it may be used to directly measure
a classical 2-dimensional NMR experime8}.( the velocity auto-correlation function in a fluctuating velocity
In the case that the two pulse pairs have theialues linked, field, such as may occur during flow in porous medi3) (
a 1-dimensional data acquisition results. We shall call this ap-It is not the purpose of this article to review these applica-
proach 1-dimensional double PGSE NMR. Cleaglyandq, tions, which in fact are described in detail elsewhe&e3, 6—
may be varied in either unisomy( = g2 = q) or anti-unison 13). Rather it is to make clear some important practical details
(01 = —q2 = q) with each other. The more interesting encodingegarding the successful implementation of these methods. |
is anti-unison, and the resulting experiment, known as compegarticular, because the double encoding relies on recycling th
sated double PGSE NMR, results in a net phase shift due to flseme transverse magnetization, ideally over the widest rang
tuations in the motion over the evolution (or “exchange”) timef possible exchange times, it is necessary to minimize the
Tm between the pulse pairs, by virtue of its use of dual phase affects of T, relaxation. One effective means of achieving this
coding in an opposite sense. Now the echo amplitude is givenibyto use stimulated echoes rather than spin echoes, wherev
possible. Both the encoding intervads can be built around
E(q) = (exp(2rq[Z1 — Z3))). [3] the stimulated echo and the exchange timg,can utilize ‘z-
storage” in which the encoded magnetization is protected fron
This compensated double PGSE NMR sequence gives infoensverse relaxation by storage along the longitudinal axis. Th
mation about the change in displacemeiits,— Z,. This 1-D pulse sequence is shown in Fig. 1e. We have found that the u:
sequence has a number of important uses. First, it can be useafteuch pulse schemes leads to a complex superposition of di
measure stochastic motion such as dispersion or self-diffusierently encoded magnetization and that great care is neede
without the confounding effects of a superposed heterogeneatith phase cycling if the desired result is to be achieved. In wha
flow, such as may occur during shear floy®) or convection follows we detail the magnetization pathways and demonstrat
(8—10. Second, it can be used to distinguish stationary randahe suggested phase cycles.
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ENCODING SELECTION IN DOUBLE PGSE NMR (c) Single PGSE NMR with Spin Echo:
. L _ 90,,—G11-180,, -Gy 2—acq,,
In order to follow the evolution of the magnetization during o o . ) )
the various PGSE NMR pulse sequences considered here, winplicitin this notationis a displacement-encoding periad,
develop a simple formalism based on the complex number &5lcompassed by the time between the two gradient pises,
proach. Magnetization in the transverse plane of the rotatif§dG1.2, as shown in Fig. 1a. The initial 9gulse has phase,
reference frame will be treated as a complex number in whiéh denotedX and generates real (in-phase) magnetization. Th
they axis is the real part and the negativexis the imaginary. first gradient pulse induces a phase shift given by iexp(.
Executing a pulse sequence involves manipulation of the phddte acquisition phase, is set to give a real signal fgrmag-
factors. netization. In other words, it is coincident with the phase of the
We need now to understand the role of the RF pulses and tH##t 90’ pulse and denoted a6
phases, as well as the role of the gradient pulses. In the follow-
ing description relaxation effects are ignored and the absolute
amplitude of the initial magnetization is set to unity. We will Final phase factor:exp([—¢1,1 + ¢1.2]).
take the initial excitation pulse to be a®9fulse ofx-phase, Ensemble averag@xp( 27 qZ)).
generating real magnetization along thaxis. Following the
first 90 RF excitation pulse, a gradient pulse is applied. Th{gl) Single PGSE NMR with Stimulated Echo:
gradient pulse causes alocal dephasing for a given spin isochrad0;, —-G11~90;, ,-90; ,)-Gi12-acq,,
mat, corresponding to positianwithin the sample, which can
be described by a phase factor axg(where¢ = y§ G.r as

Forag= X, a1 =Y, a3 = X.

Here the brackets indicate a periodzaftorage, where a 180
pulse of a spin echo has been split into twé palses. Again, a

mentioned previously. dfisplacement—encoding period, is encompassed by the time

Next, we will be concerned with understanding the effect Wstween the two aradient pulsed: - and G+ ». as shown in
subsequent 180and 90 pulses on a particular spin isochro-—. 9 P i1 L2

mat whose transverse magnetization is given by a phase fathgr' 1b and the initial 90pulse has phasey, denotedX and

) . . generating real (in-phase) magnetization. The first gradient puls
exp(9). .A 18&2. pulse results in the transf_ormatlon e"“”).( = again induces a phase shift given by eéxp() and the acquisi-
—exp(—i¢) while a 18G pulse yields exp@p) = exp-ig). . . . ’ o

) o tion phaseg,, is set to give a real signal fgrmagnetization and
Stimulated echoes utilize 9@nd 9@, pulses and leave the de- . = ) .
. o T . denotedX. It is assumed that sufficient duration exists betweer
sired magnetization along the (longitudinalaxis for storage

and subsequent recall. The component being transferredzo tﬁge z-storage pulses that homospoiling of residual transvers

axis depends on the phase of thé paise. In all that follows we magnetization results.
willassume that the residence time of the stored magnetization is

o o e . Forag = X, 011 =Y, 12 =Y, a = X.
sufficient that the transverse magnetization remaining during the

storage interval is “homospoiled.” That is, it will be dephased Final phase factor:.6 exp{[—¢1,1 + ¢1.2])

sufficieptly that it will no longer contribute to the subsequent —05exp{[pr1 + ¢12]).

NMR signal.

Let us consider various 9@ulse pairs applied for storage and Ensemble average:8lexp(2rqZ)).

recall. In the following two examples, the pulse pairs are applied

to apreexistingransverse magnetization given by axf( In both the spin echo and simulated echo PGSE NMR example
the final echo signal is an ensemble average of all phase factol

(a) (90—7—90C) (exp¢)). Consequently terms such as exfpg 1 + ¢1.2]), in

which the phases due to local position add, lead to a wide pha:

. The first 9Q pulse stores the real part of exp] asz magne- spread and a zero contribution to the echo, whereas terms su
tization. The second 9@ulse returns the stored magnetization

t0 lie along the negative real axis. as expi[—¢1.1 + ¢1.2]), where phases due to local position sub-
tract, lead to echo components whose phase spread depends

Net result: exp) = —cosg) = —0.5{exp(¢) + exp(ip)}. the displacements that occur over the durat_ion between the gr
dient pulsesG;; andG; 2. Where the amplitude o3 ; and
(b) (90;—-90;) G2 are set to be equal, such terms lead to the standard resu

: o : (exp(27qZ)).
The first 94, pulse stores the imaginary part of expl asz
magnetization. The secondPpulse returns the stored magnefe) Double PGSE NMR with Spin Echo:
tization to lie along the negative imaginary axis. 90, —Gy,1-18Q, —G1 2—Tm/2-180, —7in/2—
0 ’ 1 4 m

. .. . Gy 1—180; —Gz.l—acqya
Net result: exp(@) = —i sin(p) = —0.5{exp(¢)+expi¢)}. ' 2"
Again, a displacement-encoding periafl, is encompassed

Next we consider some simple pulse sequences. by the time between the two gradient puls@s,; andG; , as
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shown in Fig. 1b and the initial 9@ulse has phasey, denoted  First term (uncompensated, Wexp( [—¢11+d12—d21+

X and generating real (in-phase) magnetization. The purpess])). Letus consider the situation whege= g, = g. This

of the mixing timery, is to allow the system to evolve so thaimeansthatthe two sets of gradientpa®s; = G ,andG; 1 =

the subsequence displacement measurement usigpthand G, », are stepped in unison with the same corresponding value
G2, pulses can be compared with the first. This mixing time isf gradient, i.e.G; = G,. We denote this in the table byt.
divided into two periods of,,/2 so thatan interleaved 18pulse  Then the term shown is encoded for the sum of displacement
can be used to refocus unwanted dephasing due to chemical shit occur over each encoding intervali.e.,

or field inhomogeneities. Again, the acquisition phase is tied to

the first RF pulse. Later we will consider the effect of alteringexp([—¢1 1 + ¢12 — ¢o1 + ¢22])) = (expi27q[Z1 + Z2])).
this phase setting. ’ ’ ’ ’

Second term (compensated, @xpl [¢1.1 — P12 — P21+

Forap =X, a1 =Y,om =Y, 2 =Y, 0a = X. ¢22])). Whengq; = g; = q, this term is encoded for the dif-
Final phase factor: exd(—¢11 + ¢12 — ¢21 + ¢22]). fzre_:nce of displacements that occur over each encoding interv
Ji.e.,

Ensemble averageéexp(2r[q1Z1 + Qo Z2])).
Again, G1, and Gy, are set to be equal so thatpy 1 + b1 (exp([pr1 — 12 — 21+ ¢22])) = (exp(2rq[—2Z1 + Z3])).
corresponds to:20:Z; where Z is the displacement over the
first encoding period. Similarly whet®,; andG,, are set to
be equal—¢2.1 + ¢, corresponds tos2q,Z, where % is the
displacement over the second encoding period.

Third term (mixing, M){exp([—¢1.1 — ¢1.2 + d21+ ¢22])).
Whenq; = gz = q, this term is (approximately) encoded for
the displacement that occurs over the mixing timg,i.e.,

(f) Double PGSE NMR with Stimulated Echoes: (expl[—¢r1 — d1.2+ P21+ ¢22])) = (exp(2r2q Zy)).
9020_(31' 1_9021 1_90;1 z_le 2_Tm_90;m 1_902m 2
G2,1—90221—90322—(32,‘1—610% ' ' We could consider each of these three examples again in the ca

. . of g = —g2 = g. This means that the two sets of gradient pairs,
Here the 180pulses of the pure spin echo version of examp % ®=9 gragien’ pai

L . : T P G171 = Gi12andGy g = Gy would be stepped in anti-unison
(e) have been splitinto 9pulse pairs. Again, the brackets Indl'with the same corresponding values of gradient, but oppositel

c?te a pebr'lod pt stcf)rage. I‘I’hlzpulﬁe seguence, V.Vh'chh Con,s'séfgned, ie.Gy = —G,. We denote this in the table byj. In
of'a combination of stimulated echo angtorage, s shown in this situation and in each of the three cases,¢he and ¢, »

Fig. 1e._ It IS especially useful as it minimizes exposure of ﬂ}?nase factors have opposite sign. Tables 1-5 also illustrate th
magnetization to transverse relaxation. Figures 1c and 1d Shr%‘@fde of gradient stepping

variants in which a combination of spin and stimulated echoes, | o™ 1_dimensional compensated double PGSE NMR

are used. In each case itis assumed that sufficient duration e’ﬁiﬁéﬁhod only the second (C) term is desired. In the 2-dimension:

between these pulses that homospoiling of residual transvel38, sy method. both terms U and C are needed but only

m?_?net'zr?t'obn Lesglts._ h | Retaini E/S appropriate to the relative gradient pulse signs. In neithe
ere the behavior Is much more complex. Retaining ONK yariment is the mixing term, M, desired. Thus, the chal-

those terms thz.it survive ensemble averaging, i.e., those Whl% e for both methods is to develop a suitable selective phas
the mean positions cancel, we have:

cycle.
Tables 1-5 show the respective contributions of the three termr
Forap = X,a11 = X, 012 = X, am1 = X, amz = X, in double PGSE NMR, for a variety of RF pulse combinations,
az1 = X, a2 = X, aa = X. where both the gradient signs and the RF pulse and acquis
tion phases are accounted for. These tables show the phas
Final ensemble-averaged phase factor: an, of all pulses,P,, subsequent to the excitation pulde,

whose phasey, is always set toX as a reference. In Table 1,

1 the first and last 180pulses belong to the PGSE pulse pairs
<§)[—<9XD@ [~¢11+ d12 — 21+ ¢22])) while the middle 180 pulse divides the mixing time and pro-
vides refocusing of unwanted precession. In Table 2 the mixing
— (exp{[¢11— d12 — d21 + ¢22])) time is bracketed by two 9Qoulses, so that the magnetization
—(exp([ — ¢1r.1— d12+ P21+ ¢2.2]))]. is stored along the axis. In Table 3, the first and last PGSE

pulses pairs utilize a stimulated echo while mixing time periods
While different phasesy,, for the 90 pulses produce different is again refocused by a 18pulse. In Tables 4 and 5, stimulated
superpositions (see Tables 1-5) it is clear that the use of stineghoes are used, and the mixing time involzestorage and is
lated echoes results in three very different contributions: bracketed by 90pulses. In each case all phases are relative t
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TABLE 1
Phase Cycle Table for Double PGSE NMR Experiment Based on Three 180° RF Refocusing Pulses

9020—(3 1, 1—18@1—01‘ 2—18(&“—62, 1—180’012—(32,2—3‘0%8k

RF pulses G11G12 1 G21G22 G1,1G12 1 G21G22
oo o1 om o U C M ®a U C M g
X X X X — 0 0 X 0 — 0 X
X Y Y Y + 0 0 X 0 + 0 X
X X Y X + 0 0 X 0 + 0 X
X Y X Y — 0 0 X 0 — 0 X
X X X Y + 0 0 X 0 + 0 X
X Y X X + 0 0 X 0 + 0 X
X Y Y X — 0 0 X 0 — 0 X
X X Y Y 0 0 X 0 0 X

Note In each caseg = X. For the 1-D experiment the gradient pulse pairs have equal magnitude while for the 2-D experiment the amplitudes of the firs
second pairs are varied independently. In the 1-D ¢gsand+ | refer to the unison and anti-unison gradient pulse pairs respectively.

TABLE 2
Phase Cycle Table for Double PGSE NMR Experiment Based on Two 180° RF Refocusing Pulses and One 90° RF Pulse
Pair for z-Storage

ngo—GL 1—18@1—612—(90) 90 )—sz 1_18@2_GZ 2—acq,

om.1 am.2
RF pulses G11G12 11 G21G22 G11G12 M G21G22
%) o1 m,1 om,2 o U C M g U C M [
X X (XX X - - 0 X - — 0 X
X Y Yy Y - - 0 Y - - 0 Y
X X Yy X - - 0 Y - — 0 Y
X Y (XX Y - - 0 X - - 0 X
X X XX Y + + 0 X + + 0 X
X Y (XX X + + 0 X + + 0 X
X Y Yy X + + 0 Y + + 0 Y
X X Yy Y + + 0 Y + + 0 Y

Note.In each caseg = X. For the 1-D experiment the gradient pulse pairs have equal magnitude while for the 2-D experiment the amplitudes of the firs
second pairs are varied independently. In the 1-D ¢gsand* | refer to the unison and anti-unison gradient pulse pairs respectively.

TABLE 3
Phase Cycle Table for Double PGSE NMR Experiment Based on Two 90° RF Pulse Pairs to Generate Stimulated Echoes, and One 180°
Pulse Pair Refocusing during the Mixing Time

90;0 -Gy, 1_(9(31.1_90;1,2 -G ;|_’2—:|.8(Em -G, 1—(9()(';21—90;2'2)—6 2,2—acq,,

RF pulses G1,1G12 1M1 G21G22 G11G12 M G21G22
%) 11012 am 21022 U c M Qa U C M Qg
X (X %) X (X %) - - 0 X 0 - 0 X
X Yy Y Yy + + 0 X 0 + 0 Y
X (XX % (X X) + + 0 X 0 + 0 Y
X Yy X Yy - - 0 X 0 - 0 X
X (X %) X ) - - 0 Y 0 0 X
X Yy X XX - - 0 Y 0 - 0 X
X A Y (X X) + + 0 Y 0 + 0 Y
X XX Y Yy + + 0 Y 0 + 0 Y

Note.In each caseg = X. For the 1-D experiment the gradient pulse pairs have equal magnitude while for the 2-D experiment the amplitudes of the firs
second pairs are varied independently. In the 1-D ¢gsand1 | refer to the unison and anti-unison gradient pulse pairs respectively.
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TABLE 4
Phase Cycle Table for Double PGSE NMR Experiment Based on Two 90° RF Pulse Pairs to Generate Stimulated Echoes, and One 90°
RF Pulse Pair for z Storage during the Mixing Time

QO:;D—GL]_—(QOD 90 )—G1_2—(9(Potm,1—90’am_2)—G2,1—(903 90 )—Gz_z—vata

w11 ®12 w21 w22
RF pulses G11G12 M G21G22 G11G12 1 G21G22
) (01101,2) (oem,1m2) (021022) u c M ®a u C M da
X (XX (XX (XX - - ~ X - - - X
X Yy Yy Yy + - + Y — + - Y
X XX Yy XX + - + Y - + - Y
X Yy XX ) - - - X - - - X
X XX XX Yy + + Y + + - Y
X ) (XX XX + + - Y + + - \%
X YV Yy (XX - + + X + - - X
X XX Yy Yy + + X + - X

Note.In each caseg = X. For the 1-D experiment the gradient pulse pairs have equal magnitude while for the 2-D experiment the amplitudes of the firs
second pairs are varied independently. In the 1-D ¢gsand* | refer to the unison and anti-unison gradient pulse pairs respectively.

the excitation pulseX). In addition, the acquisition phase isq; = g = qorgq: = —0, = (. These unison and in anti-
shown, along with the relative signs of the PGSE gradient pulseison cases are denoteidt) and () in the tables.
pairs. For example when anti-unison gradients|{ are used for
the pulse pairs, the combinatiaald (YY) (YY) (YY) — Y and
subtract (X X) (X X)(XX) — X gives pure C, as doeadd
RECOMMENDED PHASE CYCLES USING STIMULATED (X X) (YY) (X X) — Y andsubtract (YY) (X X) (YY) — X. Ins-
ECHO SEQUENCES pection of Table 4 shows that these combinations remove th
) ) U and M components and retain the desired C component. Iti
(@) One-dimensional Compensated Double PGSE NMR 5 trivial matter to design cycles that return pure U or pure M

We will focus our attention on the case of stimulated echoggomd these be desired.

with z storage since this represents the best practical case
protection againsf, decay. Note, again, that in each case,
the initial excitation pulsePy, is of phasexp = X and not In the VEXSY experiment the PGSE gradient pulse pairs
shown. Inspection of Table 4 shows how individual compaare varied in amplitude independently so as to acquire th
nents may be selected. The phases of all subsequent pulsigmal in the two-dimensional-space ¢, ). Again we use
Py, are labeledd; 101 2)(amam)(@2,102,2) — aa. The echo con- Gi1 = G152 andG, ;1 = Gy for the echo condition bus; and
dition requiresG;; = G;, andG;; = Gy . For the 1-D se- G, are independent. In the quadrants where gradients have tt
guence we also requilgs,| = |G,| or in other words either same sign, the U case is desired since we expect that the phe

r Two-dimensional VEXSY

TABLE 5
As with Table 4 but Using Alternate Phases in Successive 90° Pulses

90;0—le1—(90) -9 )—lez—(g()’amv1—903am,2)—(32_1—(9(f) —90;2.2)—622—&10[](3

11 12 2.1

RF pulses G11G12 1M G21G22 G11G12 M G21G22
ao (01,1 01,2) (om,1.0tm 2) (02,1 @22) u C M aa u C M oa
X XY XY XY + — + X - + - X
X Y X YX YX + + + Y + + + Y
X XY Y X XY + + + Y + + + Y
X Y X XY YX + - + X — + - X
X XY XY Y X + — Y + + Y
X YX XY XY + — — Y — + + Y
X Y X Y X XY + + - X + + - X
X XY YX YX + + — X + + - X

Note.In each caseg = X. For the 1-D experiment the gradient pulse pairs have equal magnitude while for the 2-D experiment the amplitudes of the firs
second pairs are varied independently. In the 1-D ¢gsand* | refer to the unison and anti-unison gradient pluse pairs respectively.
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FIG. 2 One-dimensional displacement distributions calculated by Fourier transforming the double PGSE echo amplititierespect to the stepped
wavevectorg. In each case the stimulated echo sequence of Fig. 1c was used. (a) Distributions arising from the seq¥p(ed3 (YY) — Y and (XX)
(YY) (XX) —Y for which the U, C, and M components have respective signs ), the distribution £ + +) from the sequence¥) (YY) (X X) — X and XX)
(YY) (YY)— X, and the distributionH + —) from the sequenceXK) (XX) (Y Y)—Y and (YY) (XX) (X X)—Y. (b) The case of a pure C component, obtained using the
phase cycleddd (YY) (XX) (X X)—Y andadd (YY) (YY) (X X) — X] for different mixing times as shown. Note that the distribution is centered on zero displaceme
and represents changes in molecular displacements over the mixing time. The slight reduction in amplitudéTiseftexts. (c) The case of a pure U component,
obtained using the phase cyctld (XX) (XX) (YY) — Y andadd (XX) (YY) (X X) — Y] for different mixing times as shown. Note that the distribution reflects the
net displacement of the spins over both encoding time$¢l) The case of a pure M component, obtained using the phase agdéYY) (YY) (YY) — Y andadd
(YY) (YY) (XX) — X] for different mixing times as shown. Note that the distribution reflects the net displacement of the spins over (approximat
the mixing time =, so that in calculating the velocity based on an assumed encoding im@n apparent velocity that depends on mixing time
results.

exponents); Z; andgy,Z, will add constructively. In the quad- EXPERIMENTAL IMPLEMENTATION
rants where gradients have opposite sign, the C case is desired
since we expect that the phase exponep, andg,Z;, will In order to demonstrate the effectiveness of the phase cycle

add destructively. Furthermore the M component is entirely ume have carried proton NMR experiments at 300 MHz using
wanted and must be removed. Table 5 shows a phase cycle thatter flowing in a 500xm bead pack at ambient temperature
achieves this result. All eight steps are needed to achieve {R¢°C). A Bruker AMX300 spectrometer was used along with
desired result. The sum of all eight experiments provides pdine three-axis microimaging gradient set. Flow in a bead pac
fect M cancelation and generates U and C contributions in theay be described by a correlation timg,corresponding to the

appropriate quadrants. duration of flow around the characteristic length scale, the bea
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diameterd, i.e., a | s . . .
. = d/(v), [4] 80

where (v) is the average interstitial pore velocity, given by ]
(vube) /¢, ¢ being the porosity. For a flow rat®, in a tube 60 -

of radiusr, the “tube velocity,”(vupe), iS given byQ/zr2. The
dimensionless parameter characterizing the flow is the Pecl&€
number (2) E 40 i
2
()l "8
Pe= Dy’ [B1 2 20 i

wherel is a characteristic length scale, which can be taken tc
be the bead diameter. First we look at the 1-dimensional doubl
PGSE NMR experiment. The encoding timds 50 ms and the
mixing timez, is 50 ms. The flow rate is 2.0 i, giving an ave-

rage interstitial pore velocity of 20 mnTs The correlation e 0 20 40 60 80
;[;nlzcl)sé 25 ms while the Peclet number for these conditions velocity [mm/s]

Figure 2 presents the results of measurements in whiclg . )
the echo amplitudeE is Fourier transformed with respect ]
to g so as to reveal the probability distribution of displace-
ments. In Fig. 2a we see the distribution arising from the 80 -
sequencesY(Y) (YY) (YY) — Y and XX)(YY)(XX) — Y. ]
This particular combination of phases gives a superposition ¢
U, C, and M with respective signs+(— +). Also shown in 60 - -

Fig. 2a is the distribution-{ + +) arising from the sequences ©@

(YY) (YY) (XX)— Xand XX) (YY) (YY) — X,aswellasthe E

distribution ¢ 4 —) from the sequences((X) (XX) (YY) — Y E 0] -
and (YY) (XX) (X X) — Y. The shapes of these three distribu- % ]

tions are quite different because of the different relative signs ¢ &

the U, C, and M contributions to the echo. Q 204 i

Figure 2b shows the result of the phase cycling experiment:
[add (YY) (YY) (YY) —Y andsubtract (X X) (X X) (X X) — X]
where pure C is selected while Figs. 2c and 2d show selectio 01 =
of pure U and pure M respectively. In each case the results ¢
data obtained using three different mixing times (50, 100, ant
200 ms) are shown. It is clear in the case of the U experimer . : —— ;
that the asymmetric propagator reflects the mean flow, and i 0 20 40 60 80
fact results from a constructive sum of phase shifts for each er velocity [mm/s]

coding interval A. By contrast the propagator for C is centered _ _ , o ,
FIG. 3 Two-dimensional displacement distributions obtained from water

at zero displacement since only the change in displacement QS ring at 20 mm st in a 500..m bead pack, using a VEXSY sequence, with

the mixing time is apparent._T_he M pro_pagator reflects displaCrﬁB(ing time 50 ms, in which the stimulated echo sequence of Fig. 1c is used. I
ments occurring over the mixing time itself, and thus leading t) a simple X X) (X X) (X X) — X phase setting was used while in (b) the full

different displacements being recorded, and an apparent velogigjep phase cycle of Table 5 was used.
that depends on mixing time.

Next we present data obtained in a VEXSY experiment car- CONCLUSION
ried using an encoding timaA = 50 ms and a mixing time
m = 50 ms. Figure 3a shows the result of an experiment in Double PGSE NMR methods have the potential to provide
which no phase cycling is used{) (X X) (X X) — X) while important new information regarding velocity fluctuations in
Fig. 3b shows the result of the 8-step cycle of Table 5. The latesmplex flows. In all such experiment$; effects limit the
spectrum contains only the desired components. range of velocities as well as the fluctuation times, which car
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