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The rapid rotating-frame technique allows significant reduc-
tion in data-acquisition time compared with the two-dimensional
method by stroboscopic observation of the nuclear magnetization
during its evolution in the rotating frame. A onefold reduction
in the dimensionality of the original rotating-frame experiment is
achieved by using a train of strong radiofrequency pulses separated
by short acquisition windows. The penalty for shortening experi-
mental time is a reduction in spectral resolution compared with
the two-dimensional method due to relaxation of transverse mag-
netization components during the observation windows. A vari-
ant of the rapid-rotating frame technique for improving spectral
resolution based on undersampling and self-phase encoding is pre-
sented. An M-fold resolution improvement requires M experiments,
thus, making possible a tradeoff between spectral resolution and
experimental time. The technique was applied for spatial local-
ization of quadrupole nuclei in powder solids, and resolution im-
provement is demonstrated on one- and two-dimensional NQR
images. © 2001 Academic Press

Key Words: rotating-frame imaging; nutation spectroscopy; NQR
imaging.

INTRODUCTION

In rotating-frame spin localization experiments, the spatial
information is encoded by using radiofrequency (RF) fiBld
gradients; i.e., the variation in the RF amplitude across the s
ple encodes the spin spatial coordinates along the axis of the
gradient. The original rotating-frame spatial encoding meth
(1) involves a two-dimensional experiment for obtaining a on
dimensional spin-density profile. Free-induction decay signals

ent axis in a single experimen2«5). The technique involves
magnetization sampling in the course of nutation induced by :
train of short RF pulses, of lengtht;, applied with an inhomo-
geneousB; field, and separated by short acquisition intervals
7 of free evolution. The time interval allows recovery of the
receiver and sampling of the magnetization components. Acqu
sition of anN-point nutation signal takes aboltx (At; + ),
which is much shorter than the spin—lattice relaxation parame
ter T;. Therefore, this method reduces data-acquisition time ir
a 1D imaging experiment by a factor of abduy/(At; + ), in
comparison with the two-dimensional technique.

When applying the rapid rotating-frame method on solids
(4,5, we encountered a reduction in spatial resolution compare
with the 2D encoding technique. This is because the effectivi
decay of the nutation signape as a function of the advance of
the encoding process is now given Byduring each intervat
of free evolution in addition to the decdy, during RF pulses
of length At;. Assuming exponential decays of the magnetiza-
tion, the effective relaxation time during the rapid rotating-frame
method can be expressed as

1 _ l(At1+T>
Toe Tr\Ti2 To)’

\&]lﬂ-_ereTR = 7 + Aty is the period of the pulse train. The time

a -

unction that determines the spatial resolution.
To obtain the highest resolution in rotating-frame imaging

f&cay constanty, defines the linewidth of the point response
u

are measured for various excitation pulse lengths and the spaiidicTiments one uses the maximal amplitude of the radiofre

frequencies are sampled through the amplitude or phase mg
ulation of the spin magnetization. Acquisition of &ftpoint

nutation signal takes about>3 T; x N because complete re-
covery of the equilibrium spin population is necessary betwe H
experiments. In this experiment, spatial resolution is determin

yency field gradienG; max, Which is limited by the available
RF power and the geometry of the gradient coil. In the tech
nigue with stroboscopic signal acquisition, the duration of the
IsesAt; determines the spectral wid®y, = 7 /At;. There-
ﬁHe, the sampling interval of the nutation signal defines the

by the relaxation timd, that occurs during the application OfNyquist bandwidth for an imaging projection or field of view

the encoding RF pluse).

S« which is given by

The rapid rotating-frame method allows one to image a one-
dimensional spin-density projection along the RF field gradi- S Sw [1]

N J/kGl,max.

1 Present address: Quantum Magnetics, 7740 Kenamar Court, San Diego, CA

92121.

The parametek = /(I + m)(I — m+ 1)/2 depends on the
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spin numberd and the transitiom < (m — 1) being excited. Preparatory Train of Pulses
For example, for a spih = 3/2 quadrupole systeka= +/3/2.

The field of view S should be adapted to the size of the
objectL to avoid aliasing of spatial frequencies. This imposes
the condition

T

= 2
YKGymaxL [2]

At1,max -

for the maximal sampling intervat; max. The maximal number
of signal samplings that can be made before the signal decays ] 2 Aty
outis roughly given by the ratid,e/ Tr. Then, for a given object -
lengthL, the highest spatial resolutidxy attainable withG1 max
and Aty max iS

ENE A .
mobE_L(Memr) g g \/ N
T T2e g T12 T2 é ' !
The last equation shows that the penalty for using acquisition 1 >
windows is a loss of resolution due to the effects of relaxation 1 A
T, during. .
The pulse train for the rapid nutation experiment uses RF duty (b)

. N0 .
CyCIeS’Atl/r' not hlgher than 20-30% arid is shoter than the FIG.1. (a)Pulse sequence toimprove resolution in the rapid-rotating frame

relaxation time during the RF pulsg,. Then the spatial reso- technique. The sampling interval in the pulse-width time domain is deliberately
lution is mainly dictated by the decdy during the acquisition increased by a factor dfl =2. The length of the preparatory pulgdy, is
intervalt and is given by increased in successive experimems, = j Aty (j =1, 2), thus shifting the
nutation signals in steps aft; in the time domairt;. (b) The phase-shifted
nutation signals superimposed to yield a nutation signal whose sampling interv:
. [4] is nowAt;. Therefore, the resulting sampling intervalis; and the acquisition
T window is artificially reduced ta /2.

Lt
Ay = ——

The ultimate resolution does not depend onBdield gradi- point pseudo-FIDs are acquired in separate experiments and t
entbutis determined by/ T2, which corresponds to the maximalwidth of the preparatory pulse i&t; max and 2At; max. Then
number of signal samplings. Therefore, to increase resolutigie first experiment samples the evolution of the magnetization
under a giver; the observation window should be reduced bughe rotating frame attime intervalsi(2 1) Aty maxand the second
in practice,r is limited by the finite deadtime of the receiver. experiment at the valuenAty may, forn = 1,..., (N/2). By

In this work, we describe a variant of the 1D rotating-framguperimposing the two pseudo-FIDs, shifted A max With
experiment to improve the spatial resolution, beyond the limigspect to each other, atvpoint signal sampled at the intervals
dictated by the relaxation decady, without significant increase Aty max iS Obtained as shown in Fig. 1b. The resulting spatia
in experimental time. The technique is based on undersampli@golution is now given by

of the nutation signal to improve spectral resolution, and self-

phase encoding to avoid aliasing. Undersampling of the signal Lt

is a useful trick for improving digital resolution in an indirect Ax = 72T,

dimension by deliberately increasing the sampling time. If the

sampling intervalAt; is increased by a factdvl, the resolution and a twofold improvement in spatial discrimination is obtained.

is 1/M times better, but the reduced spectral wigitM At; can For a general application of our variant of the rapid-rotating

cause aliasing. This problem is overcomed by using self-phds@me technique, the nutation signal is undersampled by the tra

encoding 6). of N/M pulses with lengthVl At; max @nd acquisition window
Let us discuss first the approach to achieve a twofold increaseA preparatory pulse is introduced to shift the nutation signa

in spatial resolutionM = 2. Figure l1a shows the encodingn the time domairt;, and its lengthAt, is increased M times

sequence thatis applied with pulses twice as long as the requireduccessive experiment&fy, = jAt max(j =1,..., M). A

sampling intervalAt; = 2At; max and the number of pulses isset of M phase-shifted nutation signals is recorded and supe

N/2. The first pulse of the sequence acts as a preparatory pusposed to yield an interleaved nutation signal whose samplin

and its length is varied in successive experiments to shift theterval is nowAt; max. Therefore, the resulting spectral width

nutation signal, or pseudo-FID, in the time dom@irmfwo N /2-  is /Aty max but the acquisition interval is artificially reduced to
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/M, thus improving the spatial resolution. This variant of the
rapid rotating-frame experiment increases the experimental time
by a factorM x T;. The technique yields a noticeable resolution
improvement until the ratia/MT, is comparable to the ratio
Aty max/ T12.

EXPERIMENTS AND RESULTS

To demonstrate the improvement in spatial resolution using
the technique described above, one- and two-dimensional NQR
localization experiments were carried out on powder samples.
The experiments were performed on our homemade NQR spec-
trometer described elsewherk (). A three-turn surface coil of
24 mm diameter delivered the RF gradient and was also used
for signal detection. The measured strength of the encoding RF
gradient was 30 G/cm at the position of the object. The reso-
nant circuit was tuned at 34.260 MHz, tReCl resonance of
paradichlorobenzene at room temperature.

To compare the resolution achieved with the conventional
rapid rotating-frame technique and that with the self-phase en-
coding variant, one-dimensional profiles were acquired using
both methods. The test object consisted of two cylindrical lay-
ers of powder paradichlorobenzene, 8 mm diameter and 2.5 mm
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thickness, separated by a 2.5-mm-thick spacer. The object we
aligned along the axis of the surface coil and positioned in the re
gion of an approximately constant RF gradient (between 0.2 an
0.9 of the coil's radius). Reconstruction of the spatial profiles for

FIG.2. One-dimensional spatial distributions from a test object of powde¢he powder sample from the nutation signals was performed b
paradichlorobenzene consisting of two disks of 2.5 mm thickness separateo“l?é maximum—entropy method (M EI\/I) as described in previoug

a 2.5-mm spacer. Profiles acquired with the conventional rapid rotating-frame
technique (a) and a twofold self-phase-encoding method (b) were reconstru&gtp

ers 8, 9). The spectral amplitudes were corrected accord-

by MEM, and peak intensities were corrected to account for the spatial sensitivigd to the Bi-field profile to account for the spatial sensitivity

dependence of the receiver coil.

dependence of the receiver coil.
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of 10 us and a slower decay that leads to the apparent highe
resolution in the reconstructed profile (Fig. 2b).

Two-dimensional NQR images were obtained by the con
ventional projection—reconstruction technique. To map a cros
section of the powder sample, the object was rotated around ¢
axis perpendicular to the RF gradient in a step-by-step mann
by means of a suitable mechanical devit6)( For each tech-
nigue, a set of 50 pseudo-FIDs was recorded for different orier
tations of the sample relative to the RF gradient delivered by th
surface coil. The 2D images were then reconstructed from th
MEM-reconstructed projections by means of the filtered-back
projection algorithm 10). Parameters of the pulse sequences
were identical to those used on the one-dimensional experimen
described above.

Two different cross-section geometries were used to coim
pare the techniques with and without resolution improvement
Figure 3 shows the reconstructed cross-section images from
cylinder of 8 mm diameter with a hole in the center of 4 mm inner
diameter. The image reconstructed from data acquired with th
conventional rapid rotating-frame technique (Fig. 3a) does na
reproduce the actual dimensions of the object due to the lowe
resolution of the method. Figure 3b shows the 2D image obtaine
with the new version of the rotating-frame method implementec
to give a twofold improvement in resolution. Figure 4 shows the
stack plot of the 2D projections for a cylindrical object of 8 mm
diameter with a rectangular spacer of 2 mm thickness introduce
in the middle (Fig. 4a). Projections were obtained with the sam
experimental parameters used for the first object. The 3D view ¢
the cross-section images shows clearly the resolution improve
ment obtained with the new version of the technique (Fig. 4c
compared with that of the conventional method (Fig. 4b).

CONCLUSIONS

We presented a new variant of the rapid rotating-frame encoc
ing method for reducing the effective acquisition windows, lead-
ing to an improvement in the spatial resolution of the technique
The proposed technique was tested by mapping one-dimensior

FIG. 4. Stack plots showing the two-dimensional projection of the tegro.ﬂ.Ies and two-dimensional cﬁstnbunons pf quadrupole nu-
object of powder paradichlorobenzene with the geometry depicted in ’(7%:3' in powder samples. The simplest version for twofold re-
(b) Two-dimensional projection recorded with the single-scan rotating-fra ction of observation windows yields a noticeable resolutior
method. (c) Cross-section image obtained with a twofold self-phase-encod@ghancement compared with that of the conventional single
technique. shot rotating-frame method in our solid samples. The draw

back of the proposed technique is that the experimental tim
increases by a factor of aboutx3T; x M, whereM is the

Inthe rapid rotating-frame experiment, the nutation signal wasimber of self-phase encoding steps or reduction in effectiv
acquired with a train of 64 RF pulseAt; = 10us, separated acquisition windows. However, the technique is still a factor of
by a detection intervat of 40 us. Figure 2a shows the 128-M/N faster than the conventional 2D method. With sample:
point density profile reconstructed by MEM. For a twofold redhaving short transverse relaxation tiffigthe two-dimensional
olution improvement, pseudo-FIDs were acquired with a tramethod yields the highest resolution. Although the technique
of 32 pulses, 2Qus width, and acquisition windows of 40s. is here demonstrated on NQR imaging experiment, it can b
Preparatory pulses of 10 and 2@ were used to acquire twodirectly applied to rotating-frame NMR2J and nutation NQR
time-shifted nutation signals that were combined as shownspectroscopy for determination of the asymmetry parameter o
Fig. 1b. The resulting 64-point signal has a sampling intervapin—g systems11).
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