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Nutation echoes are generated by radiofrequency (RF) pulses
with an inhomogeneous amplitude, B1 5 B1(r), in inhomogeneous
magnetic fields, B0 5 B0(r). The two gradients of strengths G1 and

0, respectively, must be aligned in parallel for a maximum echo
ignal. After two RF pulses, two echoes appear at times ta 5 2t1 1

t2 1 (G1/G0)t1 and tb 5 2t1 1 t2 1 2(G1/G0)t1, where t1 is the RF
pulse duration and t2 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

Key Words: nutation echo; diffusion; radiofrequency gradients;
localization.

1. INTRODUCTION

NMR experiments for the determination of self-diffus
coefficients in liquids are usually based on gradients o
main magnetic field,B0, (“laboratory frame techniques”). T
gradients are applied either in pulsed or in steady form (1, 2).
Alternatively, it has been suggested to employ gradients o
radiofrequency (RF) amplitude,B1, (3–6) (“rotating-frame
techniques”). In this paper a mixed gradient technique bas
B1 as wellB0 gradients is presented.

Recently, it was shown that in the presence ofB0 inhomo-
eneities one or twoB1 gradient pulses lead to one or t

nutation echoes (7–12). Apart from these nutation echo
“nonlinear” nutation echoes may appear in addition in h
field NMR (9–11). Here we restrict ourselves to the first t
(“ordinary,” i.e., linearly evolving) nutation echoes appea
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after twoB1 gradient pulses (11). Note that the signal intens-
ties of these echoes are comparable to those of conven
Hahn echoes.

The nutation echo technique for diffusion measuremen
be proposed in this report can be implemented on any N
setup. The imperfections of theB1 andB0 homogeneities th

re often unavoidable in low-resolution and low-field NM
an readily be exploited for this purpose.

2. PULSE SEQUENCE

Figure 1 shows the pulse sequence of the new nutation
diffusometry technique. The sequence consists of two
pulses each of durationt1. The pulse spacing ist2. The pulse
are subject to an RF amplitude gradient,G1, and are applied i
the presence of a steady gradientG0 of the external magnet
flux density.

The first RF pulse splits the equilibrium magnetization
longitudinal and transverse components that are modu
along theB1 gradient direction in the form of a helix. After th
RF pulse, the transverse magnetization is assumed to be
pletely spoiled byB0 gradients so that no interference with
subsequent nutation echoes is expected.

After a diffusion interval,t2, a second RF pulse again
width t1 converts the longitudinal magnetization that still-
ists at this time into modulated longitudinal and transv
components. The nutation echoes appear when theB1 gradien
“area” (strength times duration) is matched by the area o
subsequent (preferably spatially constant)B0 gradient with
respect to magnitude and direction (10). That is, a part of th
longitudinal component is converted by the second RF p
into a transverse component that then evolves in the pre
of the B0 gradient.

The coherences are refocused by the constant gradient
form of two “nutation echoes” at times

ta 5 2t1 1 t2 1
G1

G0
t1 ~echo a! [1]j-
1090-7807/01 $35.00
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and

tb 5 2t1 1 t2 1 2
G1

G0
t1 ~echo b!. [2]

The intervals between the second RF pulse and the two
tion echoes are given by

t 5
G1

G0
t1. [3]

This is the gradient matching condition, where it is anticip
that the directions of both gradients coincide.

3. THEORY

The pulse sequence to be treated in the following is sh
in Fig. 1 (11). The spin system under consideration consis

ncoupled spinsI 5 1
2 . The rotating-frame phase direction

the pulses is arbitrarily chosen to bex. TheB0 andB1 gradients
are both assumed along theX axis of the laboratory fram
Relaxation and diffusion during the RF pulses are negle
The influence of the demagnetizing field on the consid
nutation echoes (in contrast to multiple or nonlinear nuta
echoes (11)) is minor and can therefore be neglected
compare Refs. (13, 14)).

The spin-bearing particle is assumed to be at a positionx at
he time of the first RF pulse and at positionx9 after the interva

t2. The displacement mechanism considered is unrest
self-diffusion. The spin states generated by the first RF p
can be represented by the reduced density operator de
from all constant terms and factors as

s~ x, t1! 5 I ysin@a~ x, t1!# 1 I zcos@a~ x, t1!#, [4]

where I and I are components of the spin vector opera

FIG. 1. Pulse sequence for the generation of two-pulse nutation echo
eld, G0, must be aligned along the same direction (here assumed to bX
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Since theB1 gradient is to be constant within the sample,
have

a~ x, t1! 5 gG1xt1, [5]

whereG1 5 B1( x)/ x. In case the transverse components
completely spoiled duringt2, the density operator just befo
the second RF gradient pulse can be written as

s~ x, t1 1 t 2
2! 5 I z@~1 2 e2~t2/T1!! 1 cosa~ x, t1!e

2~t2/T1!#.

[6]

n this expression, longitudinal and transverse relaxation
cterized by the relaxation timesT1 andT2, respectively, hav

phenomenologically been accounted for (6, 15). Previously we
have shown (11) that the coherences corresponding to the
erms in the density operator are refocused by the secon
ulse in the form of the two nutation echoes provided tha
ain magnetic field is subject to a gradient in the same d

ion as theB1 gradient. The unmodulated term provides
echo “a” at t a given by Eq. [1], whereas the modulated
leads to an echo signal “b” at t b according to Eq. [2].

Since the spin under consideration diffuses to a positiox9
during t2, the tip angle generated by the second RF pulse
consequently be a function of this position. The density o
ator immediately after the second RF pulse reads

s~x, x9, t1 1 t 2
1!

5 @I zcosa~ x9, t1! 1 I ysin a~ x9, t1!#

3 @~1 2 e2~t2/T1!!1 cosa~ x, t1!e
2~t2/T1!#. [7]

Unrestricted normal diffusion characterized by the self
usion coefficientD is described by a Gaussian displacem
propagator,

The gradient of the RF pulse amplitude,G1, and the gradient of the external magn
hexis of the laboratory frame).
es.
e ta
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3~ x 2 x9, t2! 5
1

Î4pDt2

e2~ x2x9! 2/~4Dt2!. [8]

As a consequence, the differences in the nutation angles
duced by the first and the second RF pulse are also distri
according to a Gaussian. Expressing the initial position,x, as a
unction of the final position,x9, the density operator, Eq. [7
an be rewritten as

s~ x, x9, t1 1 t 2
1!

5 @I zcosa~ x9, t1! 1 I ysin a~ x9, t1!#

3 @~1 2 e2~t2/T1!! 1 cosa~ x9, t1!e
2~t2/T1!^eigG1~ x2x9!t1&#.

[9]

The attenuation factor̂eigG1 ( x2x9)t1& is formed as an ensemb
average over all spins in the sample. It accounts for the fac
the local nutation angles of the first and second RF p
deviate from each other owing to the displacements o
spin-bearing particles in the interval between the pulses. U
the probability density Eq. [8], the attenuation factor is fo
to be

^eigG1~ x2x9!t1& 5 e2D~gG1! 2t 1
2t2. [10]

After the second RF pulse, the coherences evolve in the
ence of the constant gradientG0. Forming the average of th
density operator over allx9 positions in the sample then lea
to an expression predicting the formation of nutation ec
(11). The first echo at the timet a (Eq. [1]) originates from th

nmodulated term in Eq. [6]. The amplitude is

Aa~ta! 5
M0

2
~1 2 e2~t2/T1!!e2~t /T2!. [11]

his echo is based on the fraction of the longitudinal ma
ization that is reestablished by spin–lattice relaxation du

t2. It thus has the character of an ordinary nutation echo10)
weighted by the spin–lattice relaxation term. The underl
coherences are exclusively excited by the second RF pu

The modulated term in Eq. [6] leads to the second ech
the timet b (Eq. [2]) with the amplitude

Ab~tb! 5
M0

4
e2~t2/T1!e2~2t /T2!e2D~gG1! 2t 1

2t2. [12]

The coherences responsible for this echo can be traced b
such to the first RF pulse.

Note that only the second echo is attenuated by diffu
whereas the first one is solely affected by relaxation (prov
that diffusion in thet interval can be neglected). That
ro-
ted
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keepingt constant in an experiment, one can determine
spin–lattice relaxation timeT1 from the variation of the firs
echo with t2 and, based on this information, the diffus
coefficientD from the attenutation of the second echo. B
quantities can thus be determined from a single experim
data set. The diffusion attenuation of the second nutation
(see Eq. [12]) has the same characteristics as that known
stimulated-echo experiments (2).

4. RESULTS

Test experiments were carried out with cyclohexane at
K. The sample tubes were 3 mm long and 4 mm thick.
measurements were performed with a Bruker DPX400 s
trometer operating at 400-MHz proton resonance. TheB1 gra-
dients for the pulse sequence in Fig. 1 were produced w
four-turn conic transmitter and receiver coil as describe
Ref. (11). The pulse length was adjusted tot1 5 326ms, so tha
both relaxation and diffusion during the pulses can safel
neglected. TheB1 gradient turned out to be fairly constant
the sample and was calibrated using the known diffu
coefficient of distilled water (D 5 2.3 z 1029 m2s).

The main magnetic field was subject to a steady gradienG0

> 10 mT/m by intentionally misadjusting the shim curre
This gradient simultaneously serves spoiling of undesired
herences after the first RF pulse. The nutation echo si
were acquired at intervalst 5 10 ms and 2t 5 20 ms after th
second RF pulse. The echo intensity was evaluated by
grating the signal over a small interval in order to avoid er
due to gradient variation across the sample.

Figure 2 shows the amplitude of the first nutation echo
function of the diffusion intervalt2 varied between 0.8 an
10 s. Using Eq. [11], the value of the longitudinal relaxa

FIG. 2. Amplitude of the first nutation echo “a” for cyclohexane as
function of the intervalt2. The solid line represents Eq. [11] fitted to
experimental data. A total number of eight scans with a repetition time o
were accumulated.
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time for cyclohexane was determined asT1 5 2.94 s.This
value was then anticipated in the fitting procedure for
diffusion coefficient according to Eq. [12]. Figure 3 shows
decay of the nutation echo amplitude as a function of
evolution interval between 200 and 800 ms for water
cyclohexane. From the water data, theB1 gradient was dete-

ined asG1 5 299 mT/m. Based on this value, the diffus
oefficient of cyclohexane was found to beD 5 1.49 z 1029

m2/s, in good agreement with previously reported results16).

5. CONCLUSIONS

It has been shown that two-pulse nutation echoes are su
for diffusion measurements. The pulse sequence is partic
simple and easy to implement. It consists of only two
pulses withB1 gradients in the presence of a steadyB0 gradi-
ent. Both gradient directions must be parallel, and the gra
“areas” must match each other. Note that no extra RF rec
coil is needed as in otherB1 gradient-based methods (6).

The geometry of the RF coil employed in the test exp
ents was designed in a way to produce a constantB1 gradient

Other geometries such as toroid cavities (17) provide stronge
ut spatially inhomogeneous RF field gradients. That
ronounced localization effect is expected in this case owi

he matching condition Eq. [3] (with respect to gradient m
itudes as well as directions) (12). In this way, localize
iffusion and relaxation measurements become feasible.

es of this sort may be of interest in context with applicat
f the NMR MOUSE (18) or well logging NMR devices (19).

FIG. 3. Amplitude of the second nutation echo “b” for water and cyclo
hexane as a function of the intervalt2. The solid line represents Eq. [12] fitt
to the cyclohexane data. A total number of eight scans with a repetition
of 30 s were accumulated.
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An advantage of the two-pulse nutation echo pulse
uences is that the diffusion coefficient as well as the lon
inal relaxation time can be extracted from the same ex
ental data set. The method can moreover easily be mo

or flow phase-encoding experiments. A further option is to
ulsedB0 gradients instead of the steady ones assumed he

this case, spectral information can be extracted by Fo
transforming the echo induction signals.
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