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The rotating-frame method of localization for spatially resolved followed by a uniform 90° plane-rotation pulse that is 90°
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Die
pectroscopy and imaging in the pure quadrupole regime relies on a
radient B1 field in which spins experience a flip angle dependent on
heir position in the B1 field strength. So far, the techniques have been
mplemented as amplitude-modulated methods, i.e., the spatial nu-
lear quadrupole distribution is encoded in the amplitude of the
ree-induction decay signals. In this work, we describe the implemen-
ation of phase-modulated variants of both two-dimensional and
apid rotating-frame imaging techniques. The experiments are dis-
ussed for both single crystalline and powder samples. The phase-
odulated experiment offers some advantages over the amplitude-

ncoding technique: It enables one to distinguish the sign of the
patial coordinate and the signal-to-noise ratio is higher than for the
implest amplitude-encoding method. © 1999 Academic Press

Key Words: nuclear quadrupole resonance; spatially resolved
QR spectroscopy; NQR imaging.

INTRODUCTION

In rotating-frame NQR (rNQR) localized spectroscop
1–3) and imaging (4, 5), spatial information is encoded usi
adiofrequency fieldB1 gradients. These encoding techniq
re based on the principle that the effectiveB1 field strength
xperienced by a nuclear spin depends on its position alon
xis defined by the RF gradient.
The rNQR experiments described in the literature rely

mplitude-modulated methods: In the two-dimensional va
f the technique (1), free-induction decay signals are measu
s a function of the length of a square RF excitation pulse

he spatial information becomes encoded in the amplitud
he FID signals. For the single-experiment imaging techn
4), a train of small flip angle pulses is applied with a grad
o that the spatial distribution of spins modulates the ampl
f the magnetization stroboscopically acquired in the g
etween pulses.
As was suggested by Hoult in the original paper on N

otating-frame imaging (6), the amplitude-modulated expe
ent can be converted to a phase-modulated form if the i
ental pulses applied for spatial encoding are immedi
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f phase with the preceding pulse. Since the uniform 90° p
ill rotate all the magnetization vectors onto the transv
lane, the spatial information in the magnetization grid
ared by the first pulse is converted to a relative phase bet

he magnetization vector and the axis defined by the firsB1

eld. Therefore, the spatial frequencies are sampled thr
he phase modulation of the spin magnetization varying
uration of the preparatory pulse. The maximum poss
ensitivity in a rotating-frame experiment is achieved with
hase-encoding variant.
The application of a phase-modulated approach to N

owever, has been hindered by the fact that the induced
etization vector in a quadrupole system is always aligne

he direction of theB1 field (7). The magnetization vect
scillates rather than precesses, so that one would not, a
ight, expect to be able to phase encode. Besides the
nown difficulties of using a classical picture for the desc
ion of a quadrupole system, there is also the problem
onuniform magnetization rotations in a polycrystalline ob
ue to the powder distribution of nutation frequencies. Bec
f these particularities of the spin dynamics in quadru
ystems, it is not obvious that phase modulation of the N
ignal can be used for spatial encoding.
Recently, we have demonstrated that a phase-modu

ersion of the nutation frequency technique is possible
QR. The two-dimensional phase-modulated nutation
uency method (8) was applied to spinI 5 3/ 2 system for th
etermination of the asymmetry parameterh in powder spec

mens. Theoretical analysis and experimental results show
he phase-modulated variant of nutation spectroscopy is
le in the pure quadrupole regime and it provides a gain in
ignal-to-noise ratio of the Fourier-transformed spectrum c
ared to the amplitude-modulated method.
In this paper, we study the application of phase-enco

ariants of both two- and one-dimensional rotating-frame N
echniques. The first goal is to demonstrate the feasibility
wo-dimensional phase-modulated method for spatial loca
ion. The second aim is to develop a novel variant of
ne-dimensional or rapid rotating-frame imaging techn

hat encodes spin position in the phase of the strobocop
go,
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63NQR TECHNIQUES FOR SPATIAL ENCODING
odulated variants of the rotating-frame NQR methods
ide a gain in the signal-to-noise ratio, compared with
mplitude encoding versions, and enables one to resolv
ign of precession in the rotating frame, thus allowing
ffective discrimination of positive and negative spatial c
inates. The implementations of these methods are adv
eous because the higher sensitivity allows one to reduce
cquisition time, and the discrimination of positive and ne

ive coordinates enables us to make use of the whole volu
ome coil configuration, such as the reversed Helmholtz

TWO-DIMENSIONAL PHASE-ENCODING TECHNIQUE

The composite pulse for 2D phase encoding consists o
0° phase-shifted radiofrequency pulses with no delay w

he sequence. The pulse sequence can be denoted

~G1t1!0 2 ~B2t2!p/ 2 2 acq,

here (G1t 1) 0 is a variable pulse of lengtht 1 and zero phas
pplied with a gradientG1 for spatial encoding, and it

ollowed by a homogeneousB2 pulse of fixed durationt 2 that
s 90° out of phase with the first one. The second pulse con
he amplitude modulation created by the first period of
rradiation in phase modulation. The NQR signal is acqu
uring the interval of free evolution after the pulses.
The excitation fieldsBi , i 5 1, 2, are assumed to be para

verywhere over the sample volume. Therefore, the effe
ip angle induced by the RF field of amplitudeBi is a i 5
l(u, f) Bit i . For I 5 3/ 2 the function

l~u, f! 5
1

2Î3 1 h 2 @~2h cosu ! 2

1 sin2u ~9 1 h 2 1 6h cos 2f!# 1/ 2

etermines the effective RF field strength seen in the
rincipal axis system orientedu andf with respect to theBi

eld.
The dependence of the magnetization as a function of th

ngles is obtained by direct calculation of the evolution of
pin system using the quadrupole interaction represen
QIR) formalism developed by Pratt (9). In the QIR formalism
set of three operators {Yx, Yy, Yz} forms a complete basis fo
n ensamble of noninteracting quadrupole nuclei, and the
utation properties define a simple transformation relation
mong these operators. Therefore, the dynamics of quadr
pin-3/2 system are confined to a three dimensional spac
llow one to describe in a straightforward way the evolutio

he I 5 3/ 2 quadrupole system during and after being exc
y RF pulses. The quadrature-detected NQR signal is c

ated as the expectation values ofl(u, f) (Yx cosc 1 Yy sin
) for the reference phasesc 5 0 andc 5 90°. This formalism
-
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ifferent pulse sequences have been published else
4, 11–13).

The operatorsYp ( p 5 x, y, z) depend on the geometric
arametersu andf; therefore, a particular basis set of ope

ors can describe the spin dynamics of only one crysta
omain of the sample. To calculate the response for a po
pecimen, the strategy is to calculate the response of a
rystal with an arbitrary orientation with respect to the
eld. Then, the total signal from the polycrystalline sampl
btained as a superposition of signals for all the pos
rientations of the EFG’s axes.
In a previous work, we calculated the response of anI 5

/ 2 quadrupole system to the pulse sequence (B1t 1) 0 2
B1t 2)p/ 2 2 acq for phase-modulated nutation frequency sp
roscopy, where (B1t i) denotes a homogeneous pulse of len
i . The calculations have been outlined in Ref. (8) and they ca
asily be modified for the application of the technique
patial encoding, including the spatial dependence of thB1

eld in the corresponding flip angle. In the following,
erely summarize the results of the calculations and dis

he particulars of this technique for NQR imaging.

esponse of a Single Crystal to the Pulse Sequence
for Phase Encoding

We begin by considering the application of the techniqu
single crystalline sample. In this case, there is no po

istribution of the effective nutation frequencies and there
ell-defined magnetization rotations. Therefore, the sp
pin distribution in the object can directly be reconstructe
he Fourier transform and thus makes it possible to compa
pectral sensitivities obtained by the amplitude- and ph
odulated techniques. The following discussion is clo

elated to the treatment of Hoult (6) for the rotating-fram
MR imaging method.
To simplify the notation, we discuss the local response f
single volume element located at an arbitrary positionr and

esonance frequencyv. To take into account both the res
ance and the spatial frequency distributions, the total resp

rom the sample should include the integrals over a certain
ensityr(v, r ) and lineshape function.
In the original 2D spatially resolved NQR spectrosc

echnique, the response is acquired following a single RF p
f variable length applied to the spin system at thermal e

ibrium. After the application of the first pulse of lengtht 1, the
QR signal is recorded in the detection periodt and one
btains the previously published result

Gu,f~t, t1! , 2l~u, f!sin v91~r !t1 exp@i ~v 2 Dv!t#.

[1]

quation [1] shows that the evolution during the prepara
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64 CASANOVA, ROBERT, AND PUSIOL
ponse results proportional to the sine of the effective nut
nglev91(r )t 1.
Amplitude modulation, represented by the sine term in

1], can be understood as a superposition of two equ
eighted signals with the frequenciesv91 and2v91 during the
reparation pulse of lengtht 1. Therefore, a 2D Fourier tran

ormation of Eq. [1],

Au,f~v, v1! 5 E
t50

1` E
t150

T

Gu,f~t, t1!sin~v1t1!e
2ivtdt1dt,

eads to the spectrum

Au,f~v, v1! 5 S~v!l~u, f! Fsin~v91 2 v1!T

2~v91 2 v1!

2
sin~v91 1 v1!T

2~v91 1 v1!
G . [2]

t was assumed that truncation effect is important only in
econd dimensiont 1. The complex functionS(v) represent
he natural NQR lineshape. Because the amplitude-modu
ignal is a real function in the second domain, the Fou
pectrumA in Eq. [2] contains pure absorption lineshape
he frequency coordinates (v0, v91) and (v0, 2 v91). Therefore
he two-dimensional spectrum appears in two antisymm
opies in the second frequency domain at positive and neg
utation frequencies.
For the phase-encoding variant a second homogen

ulse, 90° out of phase with respect to the first one, is app
he induced signal results proportional to

Gu,f~t, t1, t2, Dv! , l~u, f!@i sin v92t2 cosv91~r !t1

2 sin v91~r !t1#exp@i ~v 2 Dv!t#.

[3]

n the case of a single crystalline sample with only one phy
ite per unit cell, i.e., with a single orientationu1 andf1, the
ength of the second pulse can be adjusted so that the con
92t 2 5 p/ 2 is fulfilled over the whole volume of the samp
nd the signal becomes

Gu1,f1~t, t1! , il~u1, f1!exp@iv91~r !t1 1 i ~v 2 Dv!t#.

[4]

omparison with Eq. [1] shows that the evolution int 1 now
odulates thephase,with the effective nutation anglev91(r )t 1,

ather than theamplitudeof the nuclear signal.
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hase-modulated signal is

Pu1,f1~v, v1! 5 S~v!l~u1, f1! Fei ~v912v1!T 2 1

~v91 2 v1!
G . [5]

he phase modulation of the signal leads to the well-kn
hase twist problem of two-dimensional Fourier spectr
hich originates in the mixing of absorption and dispers
ata components. It is not possible to phase the 2D spe
nd the absolute-value display has much lower resolution
ure absorption lineshapes. Therefore, we use the tech
escribed by Hoult (6) to remove the phase twist and to exh

he 2D spectrumP in Eq. [5] with no dispersive componen
e repeat the experiment but change the phase of the s

ulse by 180°. After taking the conjugate Fourier transfor
ion of the resulting signal, the spectrum results in

P9u1,f1~v, v1! 5 S~v!l~u1, f1! Fexp2i ~v912v1!T 2 1

~v91 2 v1!
G . [6]

rom Eqs. [5] and [6], the spectrum is

P 2 P9

2
5 iS~v!l~u1, f1!

sin~v91 2 v1!T

~v91 2 v1!
.

he last equation describes a single peak in pure abso
ode in the nutation frequency domain, and shows the=2

mprovement in sensitivity compared with the spectrum of
2] obtained with the amplitude-modulated technique.

pplication of the Phase-Encoding Technique
to Powder Samples

In polycrystalline or powder samples the random distr
ion of the EFG’s orientations must be considered. F
pecimen with an isotropic distribution of EFG’s orientation
he values ofu andf occur. Therefore, it is no longer possi
o apply a uniform 90° pulse for phase encoding to all nucl
he object. The reconstruction of quadrupole nuclear dens
owder or polycrystalline samples has been discussed in
ious papers (14, 15). The standar Fourier transform analy
ails to produce accurate profiles and special nonlinear re
truction algorithms have been developed to take into acc
he actual point response function with powder samples.
ier-based deconvolution procedure (14) and maximum-en
ropy method (MEM) (15) are not linear algorithms and
omparison of signal-to-noise ratio between amplitude-
hase-modulated technique cannot be made from such sp
o evaluate the reconstructed profiles, Fourier-transforme
EM spectra are presented under Experiments and Resu

he powder samples. The Fourier transform is a crude re
truction procedure but it is a linear method and allows u
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ios of the encoding techniques.
The powder NQR signal is calculated as

G~v, v1! 5
1

4p E
0

p

du sin u E
0

2p

dfGu,f~v, v1!, [7]

hereGu,f denotes the contribution to the macroscopic si
ue to a crystallite atu andf. From the analysis of Eq. [3]
an be seen that for arbitrary values ofu andf the resulting
ignal recorded with the two-pulse encoding technique
ixture of amplitude and phase encoding. Only for th
uadrupole nuclei with a particular orientation that satisfie
ondition v92t 2 5 p/ 2 is a pure phase-modulated nutat
pectrum obtained.
Our numerical calculations of the spin density reconstru

rom Eqs. [3] and [7] show that the powder distribution in
0° pulse introduces minor distortions in the profiles. Exp
ental results also show that despite the orientation de
ence of the second pulse the two-pulse sequence is eff

o achieve phase encoding (see also Fig. 2 in Ref. (8)). The
eason is that the efficiency of the 90° plane rotation dep
n the functionl(u, f), but the amplitude of the observ
agnetization is weighted by the same function. As an ex
le we can analyze the case ofh 5 0, thenl 5 =3 sinu/2. The

ength of the nominal 90° pulse for powder corresponds
roximately to the first maximum of the Bessel functionJ1,

hen

Î3

2
gB2t2 5 p/Î3.

herefore, only those crystals oriented at an angleu0 that
atisfies sinu0 5 =3/2 experience a perfect phase modulat
hen the orientationu deviates from this condition, the sign

esults modulated in both amplitude and phase. Whenu goes to
ero, the mixture between amplitude and phase modul
ncreases but then the signal intensity approaches zero.

It should be mentioned that a similar problem is faced
he implementation of phase-modulated rotating-frame im
ng (PMRFI) in NMR using a transmitter surface coil (16). It
as been demonstrated that despite the presence of larB1

nhomogeneities to apply uniform 90° plane rotations throu
ut the sensitive volume of the coil, the PMRFI techni
rovides accurate localization and the expected=2 improve-
ent in sensitivity compared to the amplitude-modulated

ion. It was later demonstrated that adiabatic plane-rot
ulses with a higher degree of tolerance toB1 nonuniformities
an be implemented to execute uniform 90° pulses usi
ingle-surface coil for transmission and detection (17).
In our implementation of the PMRFI NQR experiments
l
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ties but to the random orientation of crystals in the pow
amples. It might be possible to use adiabatic plane-rot
ulses to improve the efficiency of phase encoding, bu

mplementation is not discussed in this work.

RAPID PHASE-ENCODED ROTATING-FRAME
TECHNIQUE

The rapid rotating-frame method (4) is based on the app
ation of the pulse train

@~G1Dt1!0 2 t2#n,

ith t much shorter than the transverse-relaxation time.
n-resonance spins, or those with a frequency offset tha

sfiesDntk, with k an integer, the flip angles induced byG1

ccumulate and the amplitude of the signal acquired in thnth
cquisition interval is modulated with the effective flip an
1gl(u, f) B1nDt 1. In absence of dephasing during the sh
cquisition window t, the one-shot technique yields t
ame amplitude-modulated signal, or pseudo-FID, as th
ethod (4).
To convert this technique to a phase-modulated varian

nsert a (B2t 2)p/ 2 pulse prior to acquisition. After the sho
nterval of free evolutiont, a (B2t 2)2p/ 2 pulse put the magn
ization back onto the original nutation plane of the rota
rame. Then, the spatially dependent nutation angle adva
ith the next gradient pulse. The pulse sequence for
hase-modulated rotating-frame method results in

@~G1Dt1!0~B2t2!p/ 2 2 t 2 ~B2t2!2p/ 2#n.

sing the QIR formalism it is straightforward to demonstr
n the absence of spin interactions, the equivalence o
utation signals obtained by both the 2D and the 1D ph
ncoding techniques.

EXPERIMENTS AND RESULTS

To produce both homogeneous and inhomogeneou
elds, the double-coil arrangement described in Ref. (1) was
mplemented. The RF gradient is produced with the aid o
nti-Helmholtz coil of 20 mm in diameter. A solenoid, 18 m

n diameter and 30 mm long, coaxial to the anti-Helmholtz
sed as the second transmitter/receiver coil. A major adva
f this coil arrangement is that the coils are decoupled p

hus avoiding the use of active decoupling circuits. The
elds are parallel as required for the phase-encoding techn
his is also a suitable coil configuration to test the discr
ation of positive and negative coordinates defined by a
rossingB1 gradient. The coils were tuned at 34,260 MHz,

35Cl-resonance of paradichlorobenzene at room temperat
A Kalmus LP 1000 power amplifier drives the anti-He
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oltz coil, whereas a 600-W solid-state amplifier (two 300
otorola Mod. 827 power amplifiers working in parallel)
sed for the solenoidal coil. A phase shifter inserted in on

he two transmitter paths allows us to adjust carefully
elative phase of both channels. A homebuilt RF power sw
as implemented to drive each power amplifier independe
To demonstrate the two-dimensional phase-enco
ethod for spatial localization in powder materials, we app

he technique in a simple one-dimensional imaging ex
ent. For the two-dimensional encoding experiments,
QR sample has three compartments, 10 mm in diam
ontaining paradichlorobenzene in powder. Two compartm
ere 2 mm in depth and were placed in one half of
nti-Helmholtz coil, while the third 3-mm-thick compartme
as positioned in the other half. A set of 64 NQR signals
cquired in quadrature as a function of the pulse length sta
t 8 ms, incremental steps of 8ms, and with 10 transients p
ulse length. The duration of the nominal 90° pulse, obta
y maximizing the FID excited with a singleB2 pulse, was 2
s. To keep the image reconstruction procedure simple
bject was positioned in the approximately constantG1 region
f the coil arrangement. Figure 1 shows the profile of
uadrupole nuclear density of the object reconstructe
EM (15) under the assumption of linearB1 and constantB2

elds. It is apparent in Fig. 1 that the technique resolves
egative and positive coordinates defined byG1. Therefore, th
esulting spatial distribution shows the actual position of
uadrupole nuclei without quadrature image in theB1 dimen-
ion.
For the rapid rotating-frame experiment, the phantom

ists of only two compartments of 10 mm in diameter an
m in depth and was placed in one half of the anti-Helmh

oil. The train for the rapid phase encoding was compose

FIG. 1. One-dimensional spatial distribution reconstructed by the M
rocedure from data obtained with the 2D phase-encoding technique
rofile represents the projection of the three-compartment test object co

ng paradichlorobenzene in powder: The peaks on the negative axis corre
o the two disks of 2-mm thickness separated by a 2-mm spacer, and th
n the positive coordinate represents the third 3-mm-thick layer separate

he others by a 3-mm spacer. The actual structure and position of the s
an be reproduced because the profile reconstructed from the phase mod
f the FID signals contains components at the true spatial frequency
pins.
of
e
h
y.
g
d
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ts
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s
ng
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e
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e

e
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z
of

as 20ms, with detection intervals of 40ms.
Figure 2 shows the spatial profiles resulting from a o

imensional Fourier transform of an amplitude-modulated
nd phase-encoding (b) rotating-frame experiments carrie
n the two-compartment phantom. Notice the broadenin

he peaks representing the quadrupole nuclear distributi
he Fourier-transformed spectra resulting from the pow
istribution of nutation frequencies, which is removed us

he MEM procedure. Comparison of peak intensities in
ourier spectra leads us to the conclusion that the PM
xperiment yields approximately a=2 gain in the signal-to
oise ratio compared with the amplitude-modulated techn
Application of the maximum-entropy reconstruction pro

ure to a complex pseudo-FID gathered with the rapid ph
odulated technique leads to the profile shown in Fig. 3
ith the 2D technique, the spectrum does not contain
uadrature image of the spatial distribution, because the
lation due to positive and negative values ofB1 produced by

he gradient coil can be distinguished by the phase-modu
echnique, like quadrature detection in the second frequ

FIG. 2. Fourier reconstructed profiles at the on-resonance frequency
he data set acquired by the rapid 1D amplitude-modulated and phase-en
xperiments. The test object has two compartments; dimensions of
ompartment are 2 mm in depth and 10 mm in diameter, separated
-mm-thick spacer. The phantom was located in one half of the anti-Helm
oil so that it experiences a singleB1 gradient. The data set (a) was gathe
sing the amplitude-modulated technique, which shows a quadrature im

he nutation frequency dimension, and spectrum (b) results from the p
odulated experiment, which shows the gain in signal-to-noise compare
rofile (a). Broadening of the peaks results from the powder distribution o
utation frequencies.
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omain. Similar spatial resolution was achieved with the r
nd two-dimensional phase-encoding pulse sequences.

CONCLUSIONS

The experiments reported here demonstrate the feasibil
he phase-modulated spatially resolved spectroscopy an
ging NQR methods in powder samples. Despite the ori

ion dependence of the encoding radio frequency fields an
ack of uniform plane-rotation pulses, phase-modulation o
QR signal can be induced by the simple two-pulse sequ
nd applied for spatial encoding. Our implementation of

echnique requires a two-coil arrangement but, in contra
MR, the 90° phase-shifted pulses cannot be impleme
sing perpendicular coils. This is because, in NQR ex
ents, out-of-phase pulses in the rotating frame are not e
lent to perpendicular RF fields in the laboratory frame. F
ier analysis of the rotating-frame experiments shows th
ensitivity gain is achieved with the phase-modulated t
ique. Another advantage of the phase-encoding techniq

hat they allow one to distinguish the sign of the spa
oordinate which might be advantageous in some experim
Besides the applications reported here of the rapid ph
odulated rotating-frame method to NQR, the technique

FIG. 3. Spatial profile reconstructed by the MEM procedure from
omplex pseudo-FID recorded with the rapid phase-modulated techniqu
xperiment was carried out on the same two-compartment object that yie
pectra of Fig. 2. The profile appears on one side of the spatial coordina
ecause the sample experience of a singleB1 gradient and the techniq
nables one to resolve the actual spatial frequencies.
id

of
m-
a-
he
e
ce
e
to
ed
i-
iv-
-
a

h-
is

l
ts.
e-
n

n small-scale high-resolution imaging experiments (18, 19).
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