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Diffusion Measurements Using the Nonlinear Stimulated Echo
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The nonlinear stimulated echo that is generated by a sequence  mean field usually called thdemagnetizing fieldThis field
of three radiofrequency pulses, 90°~7,-90°~7,—-45°, in high mag-  depends on the spatial distribution of the magnetizaktit(n),
netic flel_ds (or at_low temperatures)_ in the presence of pulsed or  \which, in turn, is a function of the coherence evolution duriny
steady field gradients can be applied for measurements of the the pulse sequence in the presence of field gradients. Tc
diffusion coefficient. Corresponding test experiments are reported. .
: : ) minor degree, the sample shape also plays a i@lel(]). If the
Steady gradients can be used without knowledge of the relaxation magnetiz%tion is moduFI)ated aFI)ong a (;)ire)c/:tion Wit]f(lj)unit vectc

times. Remarkably the attenuation of the nonlinear stimulated . S . . .
echo by diffusion is substantially stronger than in the case of the Us' the spatial distribution of the resulting dipolar demagnetiz

ordinary stimulated echo. © 2000 Academic Press ing field is given by {-9
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echo; field gradient. 1
Bq(r) = noA| M(s)u, — 3 M(s) |, (1]
1. INTRODUCTION
where
NMR self-diffusion measurements in liquids are often car-
ried out with the aid of stimulated echoel produced under 3(ugru)2—1
the action of gradients of the magnetic flux dend®y The A= N S [2]

field gradients can be applied either in pulsed form between the
radiofrequency (RF) pulse®,3) or as steady gradients. For . o )
the latter variant, the stationary fringe field gradients of supe?Ddi iS the magnetic field constant. Here the coordinate alor
conducting magnets turned out to be particularly favorakje ( the Us direction iss = r - u, and the unit vectou, is directed
The use of gradients of the RF field amplitude insteadpf 2l0ng the magnetic field relevant for coherence evolutin (
gradients has also been sugges&dy. in the following). _
All of these methods are based on conventional schemes oft has been shown in RefslZ, 13 that a pulse sequence like
coherence evolution in the laboratory or rotating frames. MoHaat shown in Fig. 1 produces a train ofultiple nonlinear
recently, exploitation of multiple echoed,@® for diffusion Stimulated echoe@NOSE) in the presence of the demagnetiz
measurements was proposél (These echoes arise as a corlld field and also modifies the ordinasgimulated ech¢STE)
sequence of coherence evolution in the presence of the denrfdg- The ordinary stimulated echo appears at a timafter the
netizing field which is produced by the longitudinal magnetthird pulse, whereas the multiple nonlinear stimulated echo
zation in the sample. The prerequisite for strong multiple ec/iée refocused at timesg 3r,, . . ., with varying amplitude. In
signals therefore is a high magnetization. That is, in particuldhe absence of mtramolecullar spin COUP"”QS the appearance
the flux density of the external magnetic field must be highCh €choes can be described on the basis of the Bloch ec
enough and/or the temperature should be moderate. tions modified with the demagnetizing field2). Alternately
The demagnetizing field in liquids has its origin in long@nd if intramolecular spin—spin coupling is to be included,
range dipolar interactions which are not averaged out by tra#§in operator formalism1g-13 can be used as well. In this
lational diffusion. On the time scale of NMR experimentscase, the effects of different spin species can readily be
diffusion in liquids affects dipolar interaction only over dis-counted for. S _
tances of up to a few micrometers. Because ltireg-range Note that the demagnetizing field is only appropriate for th

dipolar coupling involves many particles by nature, it can pgeatment of the evolution of spin systems whose operat
considered globally in the continuum limit in the form of d€Presentation is restricted to the motional-averaging regime
dipolar couplings. That is, only intramolecular spin coupling

' On leave from Department of Physics, Technical University, 3400 Cluf:an explicitly _be taken into a_Ccount on _this basis. !n th
Napoca, Romania. literature, treating long-range dipolar couplings exceeding tt
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(2  (®/2)g CLON—. for the longitudinal, and
RF NOSE
A > M+(Zv t) .
0 T T+ Ty time T dt = —iy[Gz+ By(2)]M(z 1)
GRADIENTS M+ (Z, t) ,
a ‘ G . _T+ DV M+(Z, t) [4]
time'
G for the transverse component. Heyeepresents the magneto-
b G | gyric ratio andD the self-diffusion coefficientT, and T,
0 - denote the longitudinal and transverse relaxation times, resp
3 8 ame  tively. The complex transverse magnetization is defined

FIG. 1. Pulse sequences producing a stimulated echo (STk) anhd M.(z, 1) = My(2, _t) + iM(z, 1). In the current case, the
nonlinear stimulated echoes (NOSE) at positions, 3r,, and so on. The Laplace operator is reduced 16 = d°/dZ* because only
gradient, oriented along tredirection, can be applied either in steady (a) odisplacement components along thaxis are relevant with
in pulsed (b) form. The strength of the second gradient pulse musBbie e this choice of the gradient direction. The demagnetizing fiel
case of the first NOSE. B4(2) in the above equation is given by Eq. [1], from which it

becomes obvious that the component pertinent for the evol

_ ) ) o o tion of the transverse magnetization is parallel to thexis

motional-averaging regime explicitly by considering the fulf7 g provided that longitudinal relaxation is negligible durinc
set of spin operator terms the density operator consists of Rge first evolution interval, i.eT, > ,, ideally no longitudh
been suggested§—19. In this caseshort as well aslong- nal magnetization component exists in this interval. In a sar
rangedipolar interactions may be regarded at one time. In tiige with spherical symmetry, therefore no demagnetizing-fie
present study, we restrict ourselves to intramolecularly uncosffects need to be considered so far §, 12, 13, 18 The
pled spins and to the linear density operator term so thatheagnetization after the second RF pulse is then given by
treatment based on the Bloch equations becomes feasible.

Under such circumstances, diffusion effects can be imple- Mz ) = Mg ™"sin(yGzry), [5]
mented very easily into the formalism. Furthermore we will

refer to isotropic diffusion in a uniform sample, for simplicity, My(z, 71) =0, (6]
although restricted diffusion may be treated in principle on the M,(z, 7§) = —Mye " coq yGzr,). 7]

basis of the same formalism.

The longitudinal magnetization component is now cosine mo
ulated along the-direction. That is, the spherical symmetry is
broken, and a finite demagnetizing field arises. As a cons
quence, the evolution of the transverse magnetization is infl
Figure 1 shows the pulse sequences to be considered. €heed by this field according to Eq. [4].
formalism refers to a steady gradient as represented by Fig. 1aWe now assume complete cancellation of the transver
On this basis a generalization to pulsed gradients, Fig. 1bniggnetization component in the interval as a result of field
readily feasible. Provided that, is short enough, displace inhomogeneities and, relaxation effects, so that only the
ments by diffusion in the second pulse interval, will dom-  longitudinal component after the second pulse will be retaine
inate. The RF pulses are assumed to be “hard,” i.e., they exd@fethe end of this interval, that is, Eq. [3] has merely to b
all spins within the sample in the same way. The gradzig solved in order to find the evolution of this component unde
assumed to be spatially constant and oriented alongztherelaxation and diffusion effects. In case some residual trar
direction so that = 1 in Eq. [1]. verse magnetization survives the second pglse interval, ad
Just before the first/ 2), RF pulse, the equilibrium mag tional echo phenomena will occur as shown in R&8)( That

netizationM , is aligned along the-direction. The evolution of 'S (tjh|e gegrﬁe I?fds.poiling of the coherences duringcan
the magnetization during the pulse sequence is described on'fifdlly be checked in an experiment.
basis of the modified Bloch equationg),(

2. THEORY

In this context it may be worth mentioning that even inter
molecular zero-quantum coherences arising from higher orc
expansion terms of the density operatb8)(tend to be spoiled

by the gradient because the coupling partners are separe
M2, O = M(2, D) = Mo + DV2M,(z, t) (3] fartherthan the motional averaging distance, i.e., the root me
dt T s squared displacement to be probed in a diffusion experime
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per definitionem. Zero-quantum coupling partners with inteappear atr, (STE) and 2, (NOSE) so that self-diffusion and

nuclear vectors perpendicular to the gradient direction do rlongitudinal relaxation effects can be neglected again. Insertil

contribute to any refocusing process anyway. the expression for the demagnetizing fiddd( z), given in Eq.
The prevailing effect of diffusion in the, interval is that the [12], into Eq. [4] gives

cosine modulation of the-magnetization is attenuated, that is,

the minute change of the magnetization by diffusion does not\ (z, 7, + 7, + t) = M, (z, 7, + 75)e VTgitcos Gy

perceptibly affect spin—lattice relaxation. Diffusion and relax-

ation therefore may be regarded to occur independently of each [13]

other. Under this assumption, the solution of Eq. [3] is where

Mz, 71+ 75) = Mo(1 — ™™™

1 2
— —11/T2n — 72/ Tin —D(yG) 27172
— Moe*71/Tze*72/T1e*D(‘YG) ZTiTZCOi’YGZTl) g(t) \,E yquote e e ’ [14]

8
18] The transverse component can be written in a more conveni
where a timet = 7, + r, just before the third RF pulse is 0'M using the Bessel function expansiof 20,
considered.
The third RF pulse, £/4),, transfers the longitudinal mag _ +o _
netization into eifeos’ = i (§e, [15]
n=-—ow
MX(21 T1 + T;) = 01 [9]
1 1 and the properties of Bessel functiodg(£), of integer order,
My(z, 71+ 73) = = Mo(1 — e ™) — —= Mee ™™

2 2 d
. 3y (8) = 3pa(8) = 2 — 3.(O), 16
% e*Tz/Tle*D(YG) leTZCOi VG ZTl), [10] 1(6) +l( g) df (é) [ ]
) IR 38 = (13, [17]
MZ(Z, T+ TZ)Z?MO(]._G 2 1)_75Moe ni2
! Y

, With the above expansion, Eq. [13] can be rewritten as
X @ Te PO incog yGzr,).  [11]

M+(Z, T1 + ) + t)
By virtue of thew/4 tip angle (instead ofi/2 in a conventional

stimulated-echo experiment) the longitudinal magnetization 1 o _
given by Eq. [8] is split into two components. The transverse = Mo(1 — e ™T)e VT2 X jntig (§)elrednmy
component evolves in the presence of the demagnetizing field v n=-e
created by the longitudinal component. Here one should keep 1 ,
in mind that it is the demagnetizing field originating from this 5 Mg (- U/Teg e Tig ~D(6) *rim2
modulated longitudinal component which is responsible for the \
generation of multiple echoe,(8). Otherwise no multiple 4
. i . d _
echoes would arise. A flip angle af/4 ensures maximum X > ,ndf‘]n(g)ewez(nnfo_ [18]
signal intensity of the nonlinear stimulated ecii@)( n=—o §

Since the longitudinal component is not changed by free

evolution and because it will not contribute to the signal, wene NMR signal finally to be detected is an average over ¢
focus our attention only on the evolution of the transversgpositions in the sample. This average vanishes at times otl
component. The demagnetizing field created by the modulaigdnt = nr, for which the echoes appear. The amplitude ¢
longitudinal component is given by these echoes can be simply computed by employing the &
proximation for Bessel function0),
Ba(2) = moM,(2)

1 , &\"
—Ho Moe ™/ Te~ Mg PO *rincoq yGzr,). In(&) =y (2> : [19]
v '

[12] valid for time intervals,r;, for which the conditionyw,M,7,
As has been shown in RefslZ, 13, the echoes of interest< 1 is satisfied 7, 8). With this approximation the amplitude
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of the stimulated echo appearing at a tite 7, after the third - r - r - T T T 1
pulse is given by 14

2
ASTE( ™ 72) — Moefzanzefrz/ﬂe*D(yG) 27172_ [20]

i
2 \E

u)

©
Here we have neglected the demagnetizing-field effect on tige
amplitude of the stimulated echo that would result from th&

first term in Eq. [18] if the conditionyu M7, < 1 is violated. g ] .
The amplitude of the nonlinear stimulated echd at 271, . .
can be calculated in a similar way as "
0.1 i
1 L T T T T T T T T T T 7 T T
AnosdT1, T5) = 27 Y 27 @~ 4niTag ~2mT1g ~20(6) rir: 350 400 450 500 550 600 650

FIG. 2. Echo attenuation by diffusion in cyclohexane atT298 K. The
where higher order contributions have been neglected agait#ata refer to the steady gradient variant shown in Fig. 1a. The plot relates
Analogously the pulsed gradient variant shown in Fig. 1 rmalized amplitudes of the stimulated echs(r;, 7,) (upside-down

. . . . triangles), nonlinear stimulated echose(71, 72) (circles), stimulated echo at
produces a nonlinear stimulated echo with the amplitude  / vie time interval Asre(27,, 27,) (squares), and the ratiB = Aere(27s,

27,)/Anose(T1, T2) (stars) withr,. The solid line represents the best fit of Eq.
[23]. The first interpulse duration was fixedat= 25 ms. A total number of

4niTog 272/ T1g =2D(yG) 25272 16 transients with a repetition time 15 s were accumulated.

1
Anosd( T1, T2) = 4 yroMiTie”
[22]

Here G represents the gradient pulse strength of dura&onto allow for a good detectlo_n sensitivity of nonlinear echoe
: . L (7, 8,12, 13. The RF pulse width for a flip angle afl2 was 12
oriented again along the-direction. Note that the second s, A steady maanetic field aradient was produced by shiftir

gradient pulse must be of double “area” in order to produce“a' y mag 9 P y

nonlinear stimulated echo. Equations [21, 22] remarkably Suthe probe in the fringe field of the magnet. Calibration of thi

: ~gradient was performed with the aid of the known value for th
gest a stronger dependence of the amplitude of the nonlmgé?etone diffusion coefficient. The result @& = 4.1 mT/m.

stimulated echo on the self-diffusion coefficient compared W@mall sample heights{6 mm) in a 5-mm-diameter tube were

h nventional stimul ho. . . . . :
the conventional stimulated echo ed in order to avoid any nonuniformity of the gradient acros

The new method for the determination of the diffusior,l[‘i_lS sample. The pulse intervals were adiusted te- 25 ms
coefficient we propose here is based on the comparison of wWo p'e. b ! !

. . : - .andr, = 350...650 ms.
experiments where one is performed with double pulse inter The gradient pulses had a width 8f= 1 ms in the first

vals. Forming the quotient of the amplitudes of the stimulated

echo,Aqe(274, 21,), acquired with double pulse intervals anaeVOIUt'on interval an_oB (STE) or 3 (NOSE) n the second_
of the nonlinear stimulated echBuosd(ry, 7,), recorded with one. They were applied immediately after the first and the thi
single intervals OSELTL T2l RF pulses. The gradient strength was varied in the range 0.C

to 0.1 T/m. The background gradient was estimated to be (
| mT/m. In the pulsed gradient experiment, the pulse interva
Aste(21y, 21)) |2 e ®Ool:  [p3] Werem = 20 ms andr, = 900 ms, respectively.

AnoseT1, T2) Moy o1
4. RESULTS
obviously leads to an expression independent of the relaxation
times. Only diffusion effects matter. Varying the evolution In a first experiment we have tested the steady gradie
interval 7,, a simple evaluation of the self-diffusion coefficienvariant (Fig. 1a). Figure 2 shows a plotAfg(r,, 7) (upside-
becomes possible without knowledge of the relaxation timedown triangles)Anose(71, 72) (Circles), Ase(27,, 27,) (Squares),
and the ratidAgre(27,, 27,)/ Avosd(T1, T2) (Stars) as a function of
3. EXPERIMENTAL 7,. From a fit of Eq. [23] to these data (solid line), the
self-diffusion coefficient was evaluated & = (1.44 =+
Diffusion measurements were carried out cyclohexane a@d3) x 10°° m%s. This result is in good agreement with datz
water at 298 K using a Bruker DSX400 NMR spectrometepreviously reported2l).
The equilibrium magnetization &, ~ 9.4 T is high enough  The results obtained with water at 298 K using the pulse
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1 gradients provided by the fringe field of superconducting ma
nets. It is noteworthy that the nonlinear stimulated echo shov
a stronger attenuation by diffusion than the ordinary stimulate
echo.
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