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Improving Resolution in Fast Rotating-Frame Experiments

F. Casanova, H. Robert,1 and D. Pusiol
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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. C© 2001 Academic Press

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

In rotating-frame spin localization experiments, the spa
information is encoded by using radiofrequency (RF) fieldB1

gradients; i.e., the variation in the RF amplitude across the s
ple encodes the spin spatial coordinates along the axis of th
gradient. The original rotating-frame spatial encoding met
(1) involves a two-dimensional experiment for obtaining a o
dimensional spin-density profile. Free-induction decay sig
are measured for various excitation pulse lengths and the sp
frequencies are sampled through the amplitude or phase
ulation of the spin magnetization. Acquisition of anN-point
nutation signal takes about 3× T1 × N because complete re
covery of the equilibrium spin population is necessary betw
experiments. In this experiment, spatial resolution is determ
by the relaxation timeT12 that occurs during the application
the encoding RF pluse (2).

The rapid rotating-frame method allows one to image a o
dimensional spin-density projection along the RF field gra
1 Present address: Quantum Magnetics, 7740 Kenamar Court, San Diego
92121.
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ent axis in a single experiment (2–5). The technique involves
magnetization sampling in the course of nutation induced b
train of short RF pulses, of length1t1, applied with an inhomo-
geneousB1 field, and separated by short acquisition interv
τ of free evolution. The time intervalτ allows recovery of the
receiver and sampling of the magnetization components. Ac
sition of anN-point nutation signal takes aboutN×(1t1+ τ ),
which is much shorter than the spin–lattice relaxation para
ter T1. Therefore, this method reduces data-acquisition time
a 1D imaging experiment by a factor of aboutT1/(1t1 + τ ), in
comparison with the two-dimensional technique.

When applying the rapid rotating-frame method on sol
(4, 5), we encountered a reduction in spatial resolution compa
with the 2D encoding technique. This is because the effec
decay of the nutation signalT2e as a function of the advance o
the encoding process is now given byT2 during each intervalτ
of free evolution in addition to the decayT12 during RF pulses
of length1t1. Assuming exponential decays of the magneti
tion, the effective relaxation time during the rapid rotating-fram
method can be expressed as

1

T2e
= 1

TR

(
1t1
T12
+ τ

T2

)
,

whereTR = τ + 1t1 is the period of the pulse train. The tim
decay constantT2e defines the linewidth of the point respons
function that determines the spatial resolution.

To obtain the highest resolution in rotating-frame imagi
experiments one uses the maximal amplitude of the radio
quency field gradientG1,max, which is limited by the available
RF power and the geometry of the gradient coil. In the te
nique with stroboscopic signal acquisition, the duration of
pulses1t1 determines the spectral widthSW = π/1t1. There-
fore, the sampling interval of the nutation signal defines
Nyquist bandwidth for an imaging projection or field of vie
SX which is given by

SX = Sw

γ kG1,max
. [1]

The parameterk = √(I +m)(I −m+ 1)/2 depends on the
5 1090-7807/01 $35.00
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spin numberI and the transitionm↔ (m− 1) being excited.
For example, for a spinI = 3/2 quadrupole systemk = √3/2.

The field of view SX should be adapted to the size of t
objectL to avoid aliasing of spatial frequencies. This impos
the condition

1t1,max= π

γ kG1,maxL
, [2]

for the maximal sampling interval1t1,max. The maximal number
of signal samplings that can be made before the signal de
out is roughly given by the ratioT2e/TR. Then, for a given objec
lengthL, the highest spatial resolution1X attainable withG1,max

and1t1,max is

1X = L

π

TR

T2e
= L

π

(
1t1,max

T12
+ τ

T2

)
. [3]

The last equation shows that the penalty for using acquisi
windows is a loss of resolution due to the effects of relaxat
T2 duringτ .

The pulse train for the rapid nutation experiment uses RF d
cycles,1t1/τ , not higher than 20–30% andT2 is shoter than the
relaxation time during the RF pulseT12. Then the spatial reso
lution is mainly dictated by the decayT2 during the acquisition
intervalτ and is given by

1X = L

π

τ

T2
. [4]

The ultimate resolution does not depend on theB1-field gradi-
ent but is determined byτ/T2, which corresponds to the maxim
number of signal samplings. Therefore, to increase resolu
under a givenT2 the observation window should be reduced b
in practice,τ is limited by the finite deadtime of the receiver.

In this work, we describe a variant of the 1D rotating-fram
experiment to improve the spatial resolution, beyond the li
dictated by the relaxation decayT2, without significant increase
in experimental time. The technique is based on undersamp
of the nutation signal to improve spectral resolution, and s
phase encoding to avoid aliasing. Undersampling of the si
is a useful trick for improving digital resolution in an indire
dimension by deliberately increasing the sampling time. If
sampling interval1t1 is increased by a factorM , the resolution
is 1/M times better, but the reduced spectral widthπ/M1t1 can
cause aliasing. This problem is overcomed by using self-ph
encoding (6).

Let us discuss first the approach to achieve a twofold incre
in spatial resolution,M = 2. Figure 1a shows the encodin
sequence that is applied with pulses twice as long as the req
sampling interval1t1 = 21t1,max and the number of pulses

N/2. The first pulse of the sequence acts as a preparatory p
and its length is varied in successive experiments to shift
nutation signal, or pseudo-FID, in the time domaint1. Two N/2-
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FIG. 1. (a) Pulse sequence to improve resolution in the rapid-rotating fram
technique. The sampling interval in the pulse-width time domain is deliberat
increased by a factor ofM = 2. The length of the preparatory pulse1tp is
increased in successive experiments,1tp= j1t1 ( j = 1, 2), thus shifting the
nutation signals in steps of1t1 in the time domaint1. (b) The phase-shifted
nutation signals superimposed to yield a nutation signal whose sampling inte
is now1t1. Therefore, the resulting sampling interval is1t1 and the acquisition
window is artificially reduced toτ/2.

point pseudo-FIDs are acquired in separate experiments and
width of the preparatory pulse is1t1,max and 21t1,max. Then
the first experiment samples the evolution of the magnetization
the rotating frame at time intervals (2n−1)1t1,maxand the second
experiment at the values 2n1t1,max, for n = 1, . . . , (N/2). By
superimposing the two pseudo-FIDs, shifted by1t1,max with
respect to each other, anN-point signal sampled at the intervals
1t1,max is obtained as shown in Fig. 1b. The resulting spati
resolution is now given by

1X = L

π

τ

2T2
,

and a twofold improvement in spatial discrimination is obtaine
For a general application of our variant of the rapid-rotatin

frame technique, the nutation signal is undersampled by the tr
of N/M pulses with lengthM1t1,max and acquisition window
τ . A preparatory pulse is introduced to shift the nutation sign
in the time domaint1, and its length1tp is increased M times
in successive experiments,1tp = j1t1,max ( j = 1, . . . ,M). A
set of M phase-shifted nutation signals is recorded and sup
imposed to yield an interleaved nutation signal whose sampl
theinterval is now1t1,max. Therefore, the resulting spectral width
isπ/1t1,max but the acquisition interval is artificially reduced to
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IMPROVING RESOLUTION IN FAST

τ/M , thus improving the spatial resolution. This variant of t
rapid rotating-frame experiment increases the experimental
by a factorM×T1. The technique yields a noticeable resoluti
improvement until the ratioτ/MT2 is comparable to the ratio
1t1,max/T12.

EXPERIMENTS AND RESULTS

To demonstrate the improvement in spatial resolution us
the technique described above, one- and two-dimensional N
localization experiments were carried out on powder samp
The experiments were performed on our homemade NQR s
trometer described elsewhere (4, 7). A three-turn surface coil o
24 mm diameter delivered the RF gradient and was also u
for signal detection. The measured strength of the encoding
gradient was 30 G/cm at the position of the object. The re
nant circuit was tuned at 34.260 MHz, the35Cl resonance of
paradichlorobenzene at room temperature.

To compare the resolution achieved with the conventio
rapid rotating-frame technique and that with the self-phase
coding variant, one-dimensional profiles were acquired us
both methods. The test object consisted of two cylindrical l
ers of powder paradichlorobenzene, 8 mm diameter and 2.5

FIG. 2. One-dimensional spatial distributions from a test object of pow
paradichlorobenzene consisting of two disks of 2.5 mm thickness separat
a 2.5-mm spacer. Profiles acquired with the conventional rapid rotating-fr

technique (a) and a twofold self-phase-encoding method (b) were reconstru
by MEM, and peak intensities were corrected to account for the spatial sensit
dependence of the receiver coil.
ROTATING-FRAME EXPERIMENTS 87
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FIG. 3. Cross-section NQR images obtained by the filtered ba
projection–reconstruction procedure. The object is a cylinder of polycrysta
paradichlorobenzene of 8 mm diameter with a central hole of 4 mm inne
ameter. The cross-section images were reconstructed from a set of 50 p
tions acquired with the conventional rapid rotating-frame method (a) and
a twofold self-phase-encoding procedure (b).

thickness, separated by a 2.5-mm-thick spacer. The object
aligned along the axis of the surface coil and positioned in the
gion of an approximately constant RF gradient (between 0.2
0.9 of the coil’s radius). Reconstruction of the spatial profiles
the powder sample from the nutation signals was performe
the maximum-entropy method (MEM) as described in previ
cted
ivity

papers (8, 9). The spectral amplitudes were corrected accord-
ing to theB1-field profile to account for the spatial sensitivity
dependence of the receiver coil.
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FIG. 4. Stack plots showing the two-dimensional projection of the t
object of powder paradichlorobenzene with the geometry depicted in
(b) Two-dimensional projection recorded with the single-scan rotating-fra
method. (c) Cross-section image obtained with a twofold self-phase-enco
technique.

In the rapid rotating-frame experiment, the nutation signal w
acquired with a train of 64 RF pulses,1t1 = 10µs, separated
by a detection intervalτ of 40 µs. Figure 2a shows the 128
point density profile reconstructed by MEM. For a twofold re
olution improvement, pseudo-FIDs were acquired with a tr
of 32 pulses, 20µs width, and acquisition windows of 40µs.

Preparatory pulses of 10 and 20µs were used to acquire two
time-shifted nutation signals that were combined as shown
Fig. 1b. The resulting 64-point signal has a sampling inter
RT, AND PUSIOL
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of 10 µs and a slower decay that leads to the apparent hig
resolution in the reconstructed profile (Fig. 2b).

Two-dimensional NQR images were obtained by the co
ventional projection–reconstruction technique. To map a cr
section of the powder sample, the object was rotated aroun
axis perpendicular to the RF gradient in a step-by-step man
by means of a suitable mechanical device (10). For each tech-
nique, a set of 50 pseudo-FIDs was recorded for different ori
tations of the sample relative to the RF gradient delivered by
surface coil. The 2D images were then reconstructed from
MEM-reconstructed projections by means of the filtered-ba
projection algorithm (10). Parameters of the pulse sequenc
were identical to those used on the one-dimensional experim
described above.

Two different cross-section geometries were used to co
pare the techniques with and without resolution improveme
Figure 3 shows the reconstructed cross-section images fro
cylinder of 8 mm diameter with a hole in the center of 4 mm inn
diameter. The image reconstructed from data acquired with
conventional rapid rotating-frame technique (Fig. 3a) does
reproduce the actual dimensions of the object due to the lo
resolution of the method. Figure 3b shows the 2D image obtai
with the new version of the rotating-frame method implement
to give a twofold improvement in resolution. Figure 4 shows t
stack plot of the 2D projections for a cylindrical object of 8 m
diameter with a rectangular spacer of 2 mm thickness introdu
in the middle (Fig. 4a). Projections were obtained with the sa
experimental parameters used for the first object. The 3D view
the cross-section images shows clearly the resolution impro
ment obtained with the new version of the technique (Fig. 4
compared with that of the conventional method (Fig. 4b).

CONCLUSIONS

We presented a new variant of the rapid rotating-frame enc
ing method for reducing the effective acquisition windows, lea
ing to an improvement in the spatial resolution of the techniq
The proposed technique was tested by mapping one-dimensi
profiles and two-dimensional distributions of quadrupole n
clei in powder samples. The simplest version for twofold r
duction of observation windows yields a noticeable resoluti
enhancement compared with that of the conventional sing
shot rotating-frame method in our solid samples. The dra
back of the proposed technique is that the experimental t
increases by a factor of about 3× T1 × M , where M is the
number of self-phase encoding steps or reduction in effec
acquisition windows. However, the technique is still a factor
M/N faster than the conventional 2D method. With samp
having short transverse relaxation timeT2 the two-dimensional
method yields the highest resolution. Although the techniq
is here demonstrated on NQR imaging experiment, it can
directly applied to rotating-frame NMR (2) and nutation NQR

in

val
spectroscopy for determination of the asymmetry parameter on
spin-32 systems (11).
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