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A multi-dimensional NQR technique to image both the spatial
distribution of quadrupolar nuclei and the local orientation of the
electric field gradient tensor at the quadrupole sites in solids is
reported. The encoding procedure is based on the irradiation of the
sample by a pulse sequence composed of spatially homogeneous and
inhomogeneous radiofrequency fields. A method that encodes the
spatial and orientation information in the amplitudes of the free-
induction decay signals and a proper three-dimensional reconstruc-
tion procedure that yields the space-orientation-dependent NQR
spectra are described. A two-dimensional variant allows rapid mea-
surement of the spatially dependent orientation distribution of mol-
ecules, disregarding the spectroscopic information. © 1998 Academic Press
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INTRODUCTION

To determine physical properties related to inhomogeneities
in solids it is important to know the spatial density distribution
of the material, the local degree of crystallinity, and the dis-
tribution of crystallite orientations for polycrystalline samples.

Images of the spatial distribution of quadrupole nuclei in
solids can be produced with the rotating-frame NQR imaging
(rNQRI) technique (1, 2). The spatially resolved NQR spec-
troscopy method (3, 4) allows one to correlate information
from the spectroscopic and spatial dimensions, thus providing
the distribution of local spectral properties of the quadrupole
nuclei. In these techniques, spatial resolution is obtained by
exciting the sample with a single inhomogeneous radiofre-
quency (RF) pulse, so that the effective nutation frequency
depends on the position with respect to theH1-field’s gradient.

The existence of a molecular orientation distribution in the
sample cannot be detected without studying the Zeeman-per-
turbated quadrupole spectrum in single crystals (5). The Zee-
man measurements then determine the relative orientations of
the molecules with respect to the axes defined by the external
perturbative magnetic field.

Harbisonet al. (6, 7) first applied the two-dimensional (2D)
nutation NQR Fourier spectroscopy method and demonstrated
that it can be used to obtain an orientation-dependent single-
crystal spectrum. The nutation method is based on the principle

that the radiofrequency transmitter coil introduces an external
preferential axis, then the effective RF amplitude experienced
by a quadrupolar nucleus depends on the relative orientation of
the RF field direction with respect to the principal axes of the
quadrupole tensor. The two-dimensional nutation NQR tech-
nique uses two time periods: the first intervalt1 is the duration
of a homogeneous RF excitation pulse and the second periodt
is the time of free evolution of a quadrupolar nucleus at zero
field. After Fourier transformation against both time variables,
t and t1, separated quadrupolar and nutation spectra along the
two frequency axes,v andv1, are obtained. The slices through
the 2D spectrum parallel to thev1 axis give the functionP(u)
that characterizes the orientation distribution of the electric
field gradient (EFG) tensor’s axes for the individual sites. The
direction of the principal axes of the EFG tensor with respect
to axes in the individual molecules can then be obtained
approximately from considerations on the molecular structure.
When the molecular orientation is not uniform across the
sample, the nutation spectrum reflects the averageP(u) of the
material. Then, information aboutlocal molecular orientation
distribution may only be recovered from spatially resolved
methods.

In this paper, we report a multi-dimensional NQR technique
to spatially resolve orientation and spectroscopic information.
The technique is based on the irradiation of the object by a
sequence of two RF pulses: a spatially variable RF pulse, of
lengtht1, encodes the spatial information and a second homo-
geneous RF field, of durationt2, enables determination of the
orientation distribution. The NQR signal is acquired during a
third intervalt of free evolution after the pulses. The irradiation
sequence is repeated for a full set of equally spacedt1 and t2
values, providing a 3D signalS(t , t1, t2) that contains the full
spectroscopic information correlated with spatial and orienta-
tion distribution. A variant of the encoding procedure is pre-
sented, which enables one to decrease data acquisition time
disregarding the spectroscopic information.

METHODS

The evolution of the quadrupole system is conveniently
described in the quadrupole interaction representation (8). In
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this picture, the total transformed Hamiltonian for noninteract-
ing spin I 5 3/2 is given by

*̃T 5
Dv

2
+ 1

v91
2

~!9cosa 1 @9sin a ! ,

whereDv 5 v0 2 v defines the offset between the quadrupole
resonance frequencyv0 and the irradiation frequencyv. The
effective nutation frequency isv91 5 l(u, f)gH1, wherel(u, f)
5 (2=31 h2)21 =(2h cosu)2 1 sin2u(91 h2 1 6h cos2f). The
polar and azimuthal angles,u andf, define the relative orien-
tation of the axis of the EFG tensor andH1-field direction, and
h is the asymmetry parameter. The operator+ is proportional
to the quadrupole Hamiltonian and describes free evolution
periods of the quadrupole system.!9 and @9 describe the
effects of the RF field with phasea 5 0° and a 5 90°,
respectively. Explicit expressions of these operators are given
elsewhere (8, 9).

Figure 1a shows the pulse sequence for positional and ori-
entationally resolved NQR spectroscopy. Parallel RF fields,H1

andH2, are applied for periodst1 andt2 and the free induction
decay (FID) signal is acquired in the timet of free evolution.
The pulsedH1 field is applied with a gradient and serves for
encoding the spatial information, while the homogeneous RF
field H2 allows us to determine the orientation distribution. The
interval T between pulses is much longer than the mean life-
time of coherent spin states (i.e., the transverse relaxation
time), but shorter than the spin–lattice relaxation constant, so
that the transverse coherences created by the first pulse are
destroyed and have no influence on the acquired signal.

The quadrupole system response to the described pulse
sequence was easily worked out making use of the relation-

ships reported earlier (8, 9) for the transformation of various
operators under the influence of RF and free-evolution Ham-
iltonians. Because this formalism was extensively used to
describe the spin response to several pulse sequences (2, 10–
12) no details of the calculations are given.

The local induced signal, calculated as the expectation value
of the operatorl(u, f)(!9cosvt 1 @9sin vt), results in

G~t, t1, t2! 5 l~u, f!cos@v91~r!t1#sin~v92t2!sin@~v 1 Dv!t#.

For the sake of simplicity, we restrict the following discus-
sion to the case of an axially symmetric EFG tensor, in which
the functionl(u, f) reduces tol(u) 5 =3/2 sinu. To consider
the effects of a finite width of the NQR resonance line, an
integral over a certain distributiong(Dv) in Dv should be
included. The total induced signal in the receiver coil is the
sum of the contributions from all volume elements and local
orientations of the EFG tensor’s axis, and is given by

S~t , t1, t2! , W~t ! F ~t1, t2! ,

where

W~t ! 5 E
2`

1`

d~Dv ! g~Dv !sin@~v 1 Dv !t #

describes the conventional FID, and

F ~t1, t2! , E
V

dr E
0

p/ 2

du sin2ur ~r , u !

3 cos@v91~r !t1#sin~v92t2! . [1]

r(r , u) denotes the spatial density of quadrupolar nuclei cen-
tered at the coordinater with the EFG tensor oriented an angle
u with respect to the RF fields.

In the general case, all of the parameters related to the
inhomogeneousH1 field depend on the spin coordinatesr , and
the nutation frequencyv91 should be written as

v91~r ! 5
Î3

2
gH1~r !sin@u ~r !# , [2]

which takes into account the spatial variation in both the
magnitude and the orientation of the RF field. The spatially-
dependent orientation of theH1 field can be expressed asu(r )
5 u 1 Du(r ), whereu is the orientation of the principal axis
system of the EFG tensor with respect to the symmetry axis of
the coil (z-axis). Therefore,Du(r ) measures the departure of the
H1-field’s direction relative to the direction defined by the

FIG. 1. (a) Pulse scheme for spatially resolving orientation and spectro-
scopic information. The first pulse of lengtht1 is applied with a gradient ofH1

for spatial encoding. The second pulse with durationt2 applies a homogeneous
RF field to encode the orientation distribution of the EFGs. The signal is
acquired during the timet. (b) Pulse sequence for rapid two-dimensional
nutation spectroscopy that disregards the spectroscopic information. In this
variant the step-by-step incrementation of the second pulse is replaced by the
train of pulses for rapid rotating-frame sampling.
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coil’s axis (orz-component of the RF field) and is determined
by the component ofH1 perpendicular to thez-axis.

To take into account the nonuniform spatial dependency of
the point response function for NQR in Eq. [1], the true
distribution of the RF fields needs to be considered. The
difficulties related to the coils which arise for NQR imaging of
powders are discussed in a paper by Suits and Plude (13), and
it was suggested that the curvature of the surfaces of constant
response might be considered in the image reconstruction
technique.

In this work, we assume that the encodingH1-field varies
linearly on the coordinatez and points uniformly in this
direction. (This means we are assumingDu/u ! 1 in Eq.
[2].) This is a reasonable assumption if the sample is posi-
tioned in a region close to the axis of the coil, so that the
curvature of the surfaces of constant field can simply be
neglected (14). Therefore, the spatial dependency of the
nutation frequency simplifies tov91(z) 5 g1z sin u, where the
constantg1 is determined by the strength of theH1’s gradi-
ent and the reference point of the spatial coordinatez is
chosen at the center of the reversed Helmholtz coil (see
under Experiments and Results).

The second nutation frequency is written asv92 5 v2,0sin u,
where the constantv2,0 is given by=3g H2/2 and corresponds
to the nutation frequency defined byH2 for u 5 p/2.

To reconstruct the 2D functionr(z, u), a set of FIDs forM1

3 M2 values oft1 andt2 is collected. The acquisition time for
the complete experiment is thenM1 3 M2 3 TR, whereTR is
the waiting time between each irradiation sequence.

Whenever the spectroscopic information is not relevant, for
instance, in quadrupole systems with a single narrow resonance
line, a fast encoding procedure can be applied. Figure 1b shows
this variant of the encoding scheme, in which the second pulse
is replaced by the rapid rotating-frame pulse sequence (SEXI)
(2). Then, the complete 2D functionF (t1, t2), is generated by
M1 increments of the value oft1, and the total acquisition time
is reduced to approximatelyM1 times the delay between ex-
periments.

The data matrixF (t1, t2), from which the functionr(z, u) is
obtained, is converted to a two-dimensional spectrum using a
cosine Fourier transform with respect tot1 and a sine Fourier
transform alongt2. Then, the 2D-Fourier spectrum exhibits at
v1 5 g1z sin u andv2 5 v2,0sin u a signal whose amplitude
F(v1, v2) corresponds to the spin densityr(z, u) at positionz
and orientationu.

The analysis of the 2D spectrum requires a conversion from
the frequency domainv1 to space domainz. Such a conversion
is necessary to eliminate the orientation dependencyu from the
spatial dimension and to determine the actual position of the
quadrupole nucleus along the RF field gradient. Therefore, the
2D data matrix F(v1, v2) is transformed into a matrix
F ( z 5 Kv1, v2), where the conversion factor isK 5 v2,0/
(v2g1). This transformation is easily carried out by computa-
tional means.

EXPERIMENTS AND RESULTS

The experiments were performed on a pulsed broadband
fully computer-controlled NQR spectrometer (2). To produce
both homogeneous and inhomogeneous RF fields a coaxial
double-coil arrangement was implemented. The probe includes
an anti-Helmholtz coil of 18 mm diameter delivering the en-
coding gradient and a long solenoidal coil of 15 mm diameter
that generates the homogeneous RF field and is also used for
signal detection. Both resonant circuits are tuned for35Cl
operation at 34.270 MHz. Geometric decoupling of the coils
was optimized by minimizing the residual leakage at one coil
when the other is fed with a signal at the operation frequency.
A fast power switch driven by the pulse programmer was
developed to alternate the Kalmus LP1000 power amplifier
between the transmitter coils.

For the reconstruction of the 2D spectrum we have imple-
mented a two-dimensional version of the maximum-entropy
method (2D-MEM). The implementation of the method for
NQR is described in Refs. (14, 15). Data processing and spec-
trometer control is carried out by homemade software running
on a Pentium-based personal computer.

Single crystals of paradichlorobenzene, obtained by Bridge-
man’s method, were used for the present experiments. In the
phasea of this compound there are two orientations for the
principal axes of the EFG tensor at the35Cl nucleus site in the
unit cell. Therefore, one expects up to two different peaks in
the nutation spectrum.

Two disks of 12 mm diameter and 2 mm thickness were cut
from different cylindrical single crystals. The orientation dis-
tribution for each single crystal was first obtained in separated
nutation experiments using the rapid rotating-frame method
(16). A sequence composed of 64 pulses of 8ms and a detec-
tion interval of 35ms was applied using the solenoidal coil.
Figure 2 shows the Fourier-reconstructed nutation spectra for
both samples. From the position of the peaks it is easily
determined that the single crystals have different orientation
distributions with respect to the external reference system
defined by the RF field. The two nutation lines in Figs. 2a and
2b correspond to the two physically inequivalent sites per unit
cell. According to the theoretical predictions both the intensi-
ties and the positions of the peaks depend on the orientationu.

To demonstrate the feasibility of spatially resolving an ori-
entation distribution, the second version of the described en-
coding technique was applied. The NQR object had two cy-
lindrical layers of paradichlorobenzene separated by a 2-mm-
thick teflon spacer which provide a simple one-dimensional
structure. A set of 32 nutation signals was recorded with thet1
pulse widths starting at 10ms and consecutive increments of 10
ms. The train for the rapid acquisition technique was composed
of pulses ofDt2 5 10 ms and a detection interval of 35ms. The
interval T between the pulses was 3 ms. The total acquisition
time for the complete 2D experiment was about 10 min, with
10 transients per irradiation sequence.
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From the data matrixF (t1, t2) the spectrum of Fig. 3a was
reconstructed by the 2D maximum-entropy method. As pre-
dicted theoretically thev2-dimension contains the orientation
distribution in the sample, while thev1-axis reflects not only
the spatial distribution but also theu distribution. Figure 3b
shows the corrected spectrum following the procedure de-
scribed under Methods. To do this correction, each value ofv1,
for a given position ofv2, is multiplied by the factorv2,0/v2.
The parameterv2,0 was experimentally determined by a nuta-
tion experiment carried out on a powder material (the high-
frequency edge of the powder nutation lineshape determines
the value ofv2,0).

CONCLUSION

Using a two-dimensional nutation spectroscopy method,
which combines rotating-frame imaging with nutation NQR
spectroscopy, the quadrupolar nuclei density and its EFG’s
local orientation were simultaneously mapped. A three-
dimensional encoding technique was described that allows
one to record the full NQR spectroscopic information cor-
related with spatial and orientation distribution. The tech-

nique enables one to image the local degree of crystallinity
in solids samples. It should be possible, for instance, to map
the changes in the orientation of molecules that take place
when phase transition occurs, and it should be feasible to
image the domains of the phases.

It is worth pointing out that the proposed technique is
suitable for image rendering of single crystals by the rotat-
ing-frame NQR method. Because the nutation frequency
depends on both amplitude and orientation of the encoding
RF field, it is necessary to determine the actual orientation

FIG. 2. One-dimensional Fourier-reconstructed nutation spectra of two
different single crystals of paradichlorobenzene obtained by the fast 1D nuta-
tion encoding technique. The position of the peaks in the spectra (a) and (b)
show that different orientation distributions are present.

FIG. 3. (a) Two-dimensional spectrum reconstructed by the 2D maxi-
mum-entropy procedure for an object composed of two cylindrical single
crystals (2 mm thick). To provide a simple 1D structure a 2-mm-thick Teflon
spacer was inserted between the pieces of single crystals. The 2D data matrix
was recorded using the pulse sequence depicted in Fig. 1b. (b) Spatially and
orientationally resolved distribution of quadrupole nuclei for the two-disk
object. The spatial dimension was corrected to eliminate the orientation de-
pendence of the effective nutation frequency, following the procedure de-
scribed in the text.

132 CASANOVA, ROBERT, AND PUSIOL



distribution of the EFG’s axis for image reconstruction.
Otherwise, the nutation frequency domain will not repro-
duce the spin density distribution alone. (In fact, the result
is like the projection of the spectrum of Fig. 3a along the
v1-axis.) This problem does not arise with powders because
the orientation distribution is assumed to be isotropic in
each volume element of the object and can be removed by
suitable numerical procedures (15, 17).
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