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Nutation echoes are generated by radiofrequency (RF) pulses
with an inhomogeneous amplitude, B, = B,(r), in inhomogeneous
magnetic fields, B, = B(r). The two gradients of strengths G, and
G,, respectively, must be aligned in parallel for a maximum echo
signal. After two RF pulses, two echoes appear at times =, = 27, +
7, + (G,/Gy)7, and 7, = 27, + 7, + 2(G,/Gy) 7y, where 7, is the RF
pulse duration and =, the interpulse interval. It is shown that these
echoes can favorably be employed for the determination of self-
diffusion coefficients even in the poor experimental situation one
often faces in low-resolution or low-field NMR. The signal inten-
sity is comparable to that of ordinary Hahn echoes. Diffusion
coefficients and spin—lattice relaxation times can be evaluated
from the same experimental data set if both nutation echoes are
recorded. Test experiments are in good agreement with literature
data. Applications of the technique to “inside out” NMR, well
logging NMR, surface coil NMR, toroid cavity NMR, etc., are
suggested.  © 2001 Academic Press
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1. INTRODUCTION

NMR experiments for the determination of self-diffusio

coefficients in liquids are usually based on gradients of theAfter a diffusion interval
main magnetic fieldB,, (“laboratory frame techniques”). Thewidth - '

gradients are applied either in pulsed or in steady fatn®)

revised October 26, 2000

after twoB, gradient pulsesl(l). Note that the signal intensi
ties of these echoes are comparable to those of conventio
Hahn echoes.

The nutation echo technique for diffusion measurements
be proposed in this report can be implemented on any NM
setup. The imperfections of thHg, andB, homogeneities that
are often unavoidable in low-resolution and low-field NMR
can readily be exploited for this purpose.

2. PULSE SEQUENCE

Figure 1 shows the pulse sequence of the new nutation ec
diffusometry technique. The sequence consists of two F
pulses each of duration. The pulse spacing is,. The pulses
are subject to an RF amplitude gradigat, and are applied in
the presence of a steady gradi€y of the external magnetic
flux density.

The first RF pulse splits the equilibrium magnetization intt
longitudinal and transverse components that are modulat
along theB, gradient direction in the form of a helix. After this
RF pulse, the transverse magnetization is assumed to be cc
pletely spoiled byB, gradients so that no interference with the

ubsequent nutation echoes is expected.
7,, a second RF pulse again of
converts the longitudinal magnetization that still ex
ists at this time into modulated longitudinal and transvers

Alternatively, it has been suggested to employ gradients of tESmponents. The nutation echoes appear wheBitgradient

radiofrequency (RF) amplitudeB,, (3—6) (“rotating-frame

“

area” (strength times duration) is matched by the area of tl

techniques”). In this paper a mixed gradient technique baseds‘?]bsequent (preferably spatially constaBt) gradient with

B, as wellB, gradients is presented.
Recently, it was shown that in the presenceBgfinhomo

respect to magnitude and directiatQ). That is, a part of the
longitudinal component is converted by the second RF pul:

geneities one or twds, gradient pulses lead to one or WO, 4 transverse component that then evolves in the preser
nutation echoes7¢12. Apart from these nutation echoesof the B, gradient

“nonlinear” nutation echoes may appear in addition in high-
field NMR (9-11). Here we restrict ourselves to the first WQorm of two ©

The coherences are refocused by the constant gradient in
nutation echoes” at times

(“ordinary,” i.e., linearly evolving) nutation echoes appearing
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FIG. 1. Pulse sequence for the generation of two-pulse nutation echoes. The gradient of the RF pulse a@pliaimikthe gradient of the external magnetic
field, Go, must be aligned along the same direction (here assumed to bedkis of the laboratory frame).

and Since theB, gradient is to be constant within the sample, we
have
G

Tb:271+72+26
0

7, (echob. [2] a(X, 1) = yGiX1y, [5]

The intervals between the second RF pulse and the two nutdrereG, = 9B,(x)/d x. In case the transverse components al
tion echoes are given by completely spoiled during,, the density operator just before
the second RF gradient pulse can be written as

G, ™ Bl o(x, 7+ m5) = 1L{(1 — e"™™) + cosa(x, r)e ],

6
This is the gradient matching condition, where it is anticipated [6]

that the directions of both gradients coincide. . . - .
In this expression, longitudinal and transverse relaxation che

acterized by the relaxation timé@s andT,, respectively, have
phenomenologically been accounted féy 15. Previously we

The pulse sequence to be treated in the following is shoW@ve shown1l) that the coherences corresponding to the tw
in Fig. 1 (L1). The spin system under consideration consists M in the density operator are refocused by the second
uncoupled sping = . The rotating-frame phase direction ofPulSe in the form of the two nutation echoes provided that tt
the pulses is arbitrarily chosen to keTheB, andB, gradients Main magnetic field is subject to a gradient in the same dire
are both assumed along theaxis of the laboratory frame. tion as theB, gradlent. The unmodulated term provides the
Relaxation and diffusion during the RF pulses are neglect&$n0 @ at 7. given by Eq. [1], whereas the modulated one
The influence of the demagnetizing field on the considerdgfds to an echo signab® at 7, according to Eq. [2].
nutation echoes (in contrast to multiple or nonlinear nutation Since the spin under consideration diffuses to a position
echoes 11)) is minor and can therefore be neglected toBUring the tip angle generated by the second RF pulse w
(compare Refs.13, 19). cons.equentlly be a function of this position. The density ope

The spin-bearing particle is assumed to be at a positian ator immediately after the second RF pulse reads
the time of the first RF pulse and at positionafter the interval
,. The displacement mechanism considered is unrestricted  o(X, X', 7, + 73)
self-diffusion. The spin states generated by the first RF pulse
can be represented by the reduced density operator deprived
from all constant terms and factors as X [(1L— e ")+ cosa(x, m,)e @], [7]

3. THEORY

=[l,cosa(x’, ) + I,sina(x’, 7]

o(x, ) = I sifa(x, 71)] + 1 ,coda(x, 71)], [4] Unrestricted normal diffusion characterized by the self-dif
fusion coefficientD is described by a Gaussian displacemer
wherel, and|, are components of the spin vector operatopropagator,
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P(X— X', 1) = ——== g (XX, 8 ] i
( 2) Ja=Dr, [8] 10 _--""'"“
-
As a consequence, the differences in the nutation angles pro- 081 -
duced by the first and the second RF pulse are also distribute% ]
according to a Gaussian. Expressing the initial positiogs a @ 44 | ,, |
function of the final positionx’, the density operator, Eq. [7], 2 e
. [2] L
can be rewritten as o "
€ 0.4 w ﬁ
£ y
o(X, X', 7+ 73) 1 »
. 0.2 i
= [l,cosa(x’, 1) + l,sina(x’, 71)]
X [(1 — e ™) + cosa(x', r,)e T (grexx)my], 0 2000 4000 6000 8000 10000
t, (Ms)

[0
FIG. 2. Amplitude of the first nutation echoa” for cyclohexane as a
The attenuation factdeivGi(H’)u> is formed as an ensemb|efuncti9n of the intervalr,. The solid Iine represen_ts Eq. [11_]‘fitte_d to the
L experimental data. A total number of eight scans with a repetition time of 30
average over all spins in the sample. It accounts for the fact tlm‘fe accumulated.
the local nutation angles of the first and second RF pulses
deviate from each other owing to the displacements of the
spin-bearing particles in the interval between the pulses. Usig

5 . . . gepinQT constant in an experiment, one can determine tt
:gebgrobablhty density Eq. [8], the attenuation factor is foun pin—lattice relaxation tim&, from the variation of the first

echo with 7, and, based on this information, the diffusion
coefficientD from the attenutation of the second echo. Botl
(eMEixX)my — g DOGI I [10] quantities can thus be determined from a single experimen
data set. The diffusion attenuation of the second nutation ec
After the second RF pulse, the coherences evolve in the présee Eq. [12]) has the same characteristics as that known fr
ence of the constant gradieB. Forming the average of the stimulated-echo experiment8)(
density operator over al’ positions in the sample then leads

to an expression predicting the formation of nutation echoes 4. RESULTS
(12). The first echo at the time, (Eq. [1]) originates from the
unmodulated term in Eg. [6]. The amplitude is Test experiments were carried out with cyclohexane at 2¢

K. The sample tubes were 3 mm long and 4 mm thick. Th
M, measurements were performed with a Bruker DPX400 spe
Adta) = 5 (1 — e @M)e 1, [11] trometer operating at 400-MHz proton resonance. Bhera
dients for the pulse sequence in Fig. 1 were produced with
four-turn conic transmitter and receiver coil as described |

This echo is based on the fraction of the longitudinal magng ¢ (L1). The pulse length was adjusted 326 s, S0 that

tization that is reestablished by spin—lattice relaxation duri%%th relaxation and diffusion during the pulses can safely |
72 It thus has the character of an ordinary nutation ed ( neglected. Thé3, gradient turned out to be fairly constant in

weighted by the spin—lattice relaxation term. The underlyir}%e sample and was calibrated using the known diffusic
coherences are exclusively excited by the second RF pulse,

i ot -9 a2
The modulated term in Eg. [6] leads to the second echo & eff|C|ent_ of d'St'"e.d vyaterII) B 2'.3' 10" m’s).
the timer, (Eq. [2]) with the amplitude - he main magnetlc _f|eld was_subj_ect_to a stead_y gradignt
= 10 mT/m by intentionally misadjusting the shim currents
This gradient simultaneously serves spoiling of undesired c
A(Ty) = % @ (T g~ (2r/T2) g ~D(Gy) 2rir:. [12] herences gfter th_e first RF pulse. The nutation echo sign:
4 were acquired at intervals= 10 ms and 2 = 20 ms after the
second RF pulse. The echo intensity was evaluated by in
The coherences responsible for this echo can be traced baclrasing the signal over a small interval in order to avoid error
such to the first RF pulse. due to gradient variation across the sample.
Note that only the second echo is attenuated by diffusion,Figure 2 shows the amplitude of the first nutation echo as
whereas the first one is solely affected by relaxation (providéanction of the diffusion interval, varied between 0.8 and
that diffusion in ther interval can be neglected). That is10 s. Using Eq. [11], the value of the longitudinal relaxatiol
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R An advantage of the two-pulse nutation echo pulse s
guences is that the diffusion coefficient as well as the longitt
dinal relaxation time can be extracted from the same expe
oo, ] mental data set. The method can moreover easily be modifi
h‘tll °°... 1 for flow phase-encoding experiments. A further option is to us
fug "-.,. ] pulsedB, gradients instead of the steady ones assumed here
., oo this case, spectral information can be extracted by Fouri
u, ; transforming the echo induction signals.

intensity (a.u.)
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