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The rotating-frame method of localization for spatially resolved
spectroscopy and imaging in the pure quadrupole regime relies on a
gradient B, field in which spins experience a flip angle dependent on
their position in the B, field strength. So far, the techniques have been
implemented as amplitude-modulated methods, i.e., the spatial nu-
clear quadrupole distribution is encoded in the amplitude of the
free-induction decay signals. In this work, we describe the implemen-
tation of phase-modulated variants of both two-dimensional and
rapid rotating-frame imaging techniques. The experiments are dis-
cussed for both single crystalline and powder samples. The phase-
modulated experiment offers some advantages over the amplitude-
encoding technique: It enables one to distinguish the sign of the
spatial coordinate and the signal-to-noise ratio is higher than for the
simplest amplitude-encoding method. © 1999 Academic Press

Key Words: nuclear quadrupole resonance; spatially resolved
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INTRODUCTION

followed by a uniform 90° plane-rotation pulse that is 90° ou
of phase with the preceding pulse. Since the uniform 90° pul
will rotate all the magnetization vectors onto the transvers
plane, the spatial information in the magnetization grid pre
pared by the first pulse is converted to a relative phase betwe
the magnetization vector and the axis defined by the Brst
field. Therefore, the spatial frequencies are sampled throu
the phase modulation of the spin magnetization varying tr
duration of the preparatory pulse. The maximum possibl
sensitivity in a rotating-frame experiment is achieved with th
phase-encoding variant.

The application of a phase-modulated approach to NQI
however, has been hindered by the fact that the induced me
netization vector in a quadrupole system is always aligned
the direction of theB, field (7). The magnetization vector
oscillates rather than precesses, so that one would not, at f
sight, expect to be able to phase encode. Besides the wi
known difficulties of using a classical picture for the descrip
tion of a quadrupole system, there is also the problem

In rotating-frame NQR @NQR) localized spectroscopy . i . . . .
(1-3 and imaging 4, 5), spatial information is encoded usingnonunlform magnet!zat_mn_rotatlons in a polycrystglllne objec
radiofrequency field, gradients. These encoding techniqueSue to the powder distribution of nutation frequencies. Becau
are based on the principle that the effect®efield strength ©f these particularities of the spin dynamics in quadrupol
experienced by a nuclear spin depends on its position along H#§€MS: it is not obvious that phase modulation of the NQ
axis defined by the RF gradient. signal can be used for spatial encoding.

The pNQR experiments described in the literature rely on R€cently, we have demonstrated that a phase-modulal
amplitude-modulated methods: In the two-dimensional variafgrSion of the nutation frequency technique is possible fc
of the techniqueX), free-induction decay signals are measurddQR- The two-dimensional phasg-nlodulated nutation  fre
as a function of the length of a square RF excitation pulse af4€ncy methodd) was applied to spih = 3/2 system for the
the spatial information becomes encoded in the amplitude @ft€rmination of the asymmetry parametgin powder spec-
the FID signals. For the single-experiment imaging techniqif@ens: Theoretical analygls and expe_rlmental results show th
(4), a train of small flip angle pulses is applied with a gradief® Phase-modulated variant of nutation spectroscopy is fea
so that the spatial distribution of spins modulates the amplitu¢ in the pure quadrupole regime and it provides a gain in tt
of the magnetization stroboscopically acquired in the gaaggnal—to—nmse rat!o of the Fourier-transformed spectrum cor
between pulses. pared to the amplitude-modulated method.

As was suggested by Hoult in the original paper on NMR N this paper, we study the application of phase-encodir
rotating-frame imaging®), the amplitude-modulated experi-Variants of both two- and one-dimensional rotating-frame NQ
ment can be converted to a phase-modulated form if the incf8Snniques. The first goal is to demonstrate the feasibility of
mental pulses applied for spatial encoding are immediatéwo—dmensmnal phase-modulated method for spatial localiz

tion. The second aim is to develop a novel variant of th
! Present address: Quantum Magnetics, 7740 Kenamar Court, San Dicyd€-dimensional or rapid rotating-frame imaging techniqu
CA 92121. that encodes spin position in the phase of the strobocopica
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acquired system magnetization. It is shown that the phag@; 10 and several of its applications to the description o
modulated variants of the rotating-frame NQR methods prdifferent pulse sequences have been published elsewh
vide a gain in the signal-to-noise ratio, compared with th@, 11-13.
amplitude encoding versions, and enables one to resolve th&he operatorsy, (p = X, y, z) depend on the geometrical
sign of precession in the rotating frame, thus allowing gmarameter®) and ¢; therefore, a particular basis set of opera
effective discrimination of positive and negative spatial cooters can describe the spin dynamics of only one crystallin
dinates. The implementations of these methods are advamtamain of the sample. To calculate the response for a powc
geous because the higher sensitivity allows one to reduce dggiacimen, the strategy is to calculate the response of a sin
acquisition time, and the discrimination of positive and negarystal with an arbitrary orientation with respect to the RF
tive coordinates enables us to make use of the whole volumdigld. Then, the total signal from the polycrystalline sample i
some coil configuration, such as the reversed Helmholtz cailbtained as a superposition of signals for all the possib
orientations of the EFG’s axes.
TWO-DIMENSIONAL PHASE-ENCODING TECHNIQUE In a previous work, we calculated the response ofl an
3/2 quadrupole system to the pulse sequenBet,f, —
The composite pulse for 2D phase encoding consists of ty®,t,) ,, — acqfor phase-modulated nutation frequency spec
90° phase-shifted radiofrequency pulses with no delay withifbscopy, whereR;t;) denotes a homogeneous pulse of lengt

the sequence. The pulse sequence can be denoted t,. The calculations have been outlined in R&j.4nd they can
easily be modified for the application of the technique fo
(Gity)o — (Byty) .o — acq, spatial encoding, including the spatial dependence ofBthe

field in the corresponding flip angle. In the following, we
where G.t,), is a variable pulse of length and zero phase merely summarize the results of the calculations and discu
applied with a gradienG, for spatial encoding, and it is the particulars of this technique for NQR imaging.
followed by a homogeneous, pulse of fixed duration, that
is 90° out of phase with the first one. The second pulse conveRasponse of a Single Crystal to the Pulse Sequence
the amplitude modulation created by the first period of RF for Phase Encoding

irradiation in phase modulation. The NQR signal is acquired . L L .
during the interval of free evolution after the pulses. We begin by considering the application of the technique !

The excitation field8;, i = 1, 2, are assumed to be parallef’l single crystalline sample. In this case, there is no powd
v i distribution of the effective nutation frequencies and there al

well-defined magnetization rotations. Therefore, the spati
spin distribution in the object can directly be reconstructed b
the Fourier transform and thus makes it possible to compare t
spectral sensitivities obtained by the amplitude- and phas

flip angle induced by the RF field of amplitud® is «; =
vA(6, ¢)Bit;. Forl = 3/2 the function

AB, ¢) = ;[(277 c0s0)? modulated techniques. The following discussion is closel
23+ n? related to the treatment of HoulB)( for the rotating-frame
+ sin%0(9 + 1% + 67 cos 2b)] Y2 NMR imaging method.

To simplify the notation, we discuss the local response frot

determines the effective RF field strength seen in the EFSINGle volume element located at an arbitrary positiamd

principal axis system orienteland & with respect to thes, resonance frequency. To take into account both the reso-
field nance and the spatial frequency distributions, the total respor

The dependence of the magnetization as a function of thelﬁ m the sample should include the integrals over a certain sf

angles is obtained by direct calculation of the evolution of t nsit)r:p(w, _r)_ ar}dzlgeshape”functioln. d NOR
spin system using the quadrupole interaction representatiorm t € orLglna sp_atla y _resdofvlei .Q s_pelctrgfzcopﬁ
(QIR) formalism developed by Prag) In the QIR formalism, technique, the response Is acquired following a single pu

a set of three operatorsy{, Y,, Y.} forms a complete basis for of variable length applied to the spin system at thermal equ

an ensamble of noninteracting quadrupole nuclei, and the COIILH_rium._After _the applicatio_n of the first P“'Se of_Iength the
R signal is recorded in the detection peribcand one

mutation properties define a simple transformation relationsﬂ(ﬁ2 ) : :
among these operators. Therefore, the dynamics of quadrup Lains the previously published resuit

spin-3/2 system are confined to a three dimensional space and

allow one to describe in a straightforward way the evolution of G 4(t, t;) ~ —A(6, ¢)sin wi(r)t; exdi(w — Aw)t].

thel = 3/2 quadrupole system during and after being excited

by RF pulses. The quadrature-detected NQR signal is calcu- [1]
lated as the expectation valuesxifd, ¢) (Y, cosy + Y, sin

) for the reference phasgs= 0 andys = 90°. This formalism Equation [1] shows that the evolution during the preparatio
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period t; modulates the amplitude of the signal, i.e., the re- From Eq. [4], the complex 2D Fourier transform of the
sponse results proportional to the sine of the effective nutatiphase-modulated signal is
angle wi(r)t,.

Amplitude modulation, represented by the sine term in Eqg. iwi—onT _ 1
[1], can be understood as a superposition of two equally  Pg,¢,(®, ©1) = S(@)A (01, $1) [(w,_w)
weighted signals with the frequencie$ and — ] during the v
preparation pulse of length. Therefore, a 2D Fourier trans-
formation of Eq. [1],

]- (5]

The phase modulation of the signal leads to the well-know

phase twist problem of two-dimensional Fourier spectrun

which originates in the mixing of absorption and dispersiol

T ) , data components. It is not possible to phase the 2D spectrt

Aggl0, 01) = J J Golt, ty)sin(st;) e dtydt, and the absolute-value display has much lower resolution th

t=0 =0 pure absorption lineshapes. Therefore, we use the technic

described by Houltg) to remove the phase twist and to exhibit

leads to the spectrum the 2D spectrun® in Eq. [5] with no dispersive components.

We repeat the experiment but change the phase of the sec

sin(w, — w)T pulse by 180°. After taking the conjugate Fourier transforme
tion of the resulting signal, the spectrum results in

+o

Ago(w, w1) = S(w)A(0, ¢) [2((0'1—&)1)
sin(wy + wl)T]

“iei-e)T _ 9
C 2wit o) [2] Phg(@, 01) = S(0)A(01, d1) [ep(,] [6]

Wy — wl)

It was assumed that truncation effect is important only in ttrom Egs. [5] and [6], the spectrum is

second dimensioh,. The complex functiorS(w) represents

the natural NQR lineshape. Because the amplitude-modulated P_ P sin(w} — w)T
signal is a real function in the second domain, the Fourier 5 = iIS(w)A (64, by1)
spectrumA in Eq. [2] contains pure absorption lineshapes at

the frequency coordinates(, ;) and (,, — w}). Therefore,

(0] — wy)

nutation frequencies. i ; ) 1
For the phase-encoding variant a second homogene([)%]s‘)bta'ned with the amplitude-modulated technique.
pulse, 90° out of phase with respect to the first one, is appli

ed. . . . .
The induced signal results proportional to Rppllcanon of the Phase-Encoding Technique

to Powder Samples

Goo(t, 1y, 1o, Aw) ~ A6, d)[i sinwst, cOsSwi(r)t _In polycrystalline or powder samples the random distribu
tion of the EFG’s orientations must be considered. For

= sinwy(r)ti]exfdi(o — Aw)tl.  specimen with an isotropic distribution of EFG’s orientation al

[3] the values o) and ¢ occur. Therefore, it is no longer possible

to apply a uniform 90° pulse for phase encoding to all nuclei i

] ) ] _the object. The reconstruction of quadrupole nuclear density

In the case of a single crystalline sample with only one phySIC&(!)Wdel’ or polycrystalline samples has been discussed in p

site per unit cell, i.e., with a single orientatieh and ¢,, the  yious papersi4, 19. The standar Fourier transform analysis

length of the second pulse can be adjusted so that the condiigis to produce accurate profiles and special nonlinear reca

w,t, = /2 is fulfilled over the whole volume of the sample gy ction algorithms have been developed to take into accou

and the signal becomes the actual point response function with powder samples. Fo
rier-based deconvolution procedurg4) and maximum-en-
Goog(t, t) ~1A(01, dp)exdioi(r)t; + i(w — Aw)t]. tropy method (MEM) 15) are not linear algorithms and a

comparison of signal-to-noise ratio between amplitude- ar

[4] phase-modulated technique cannot be made from such spec

To evaluate the reconstructed profiles, Fourier-transformed a

Comparison with Eq. [1] shows that the evolutiontinnow MEM spectra are presented under Experiments and Results
modulates th@hasewith the effective nutation anglei(r)t,, the powder samples. The Fourier transform is a crude recc
rather than themplitudeof the nuclear signal. struction procedure but it is a linear method and allows us 1
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draw some conclusions about the resulting signal-to-noise reenuniform 90° pulse is not due to spatial field inhomogene

tios of the encoding techniques. ities but to the random orientation of crystals in the powde

The powder NQR signal is calculated as samples. It might be possible to use adiabatic plane-rotati

pulses to improve the efficiency of phase encoding, but i
1 (= or implementation is not discussed in this work.

G(w, w,) = 4J do sin OJ ddGyy(w, wy), [7]

™ o o RAPID PHASE-ENCODED ROTATING-FRAME

TECHNIQUE

whereG, , denotes the contribution to the macroscopic signal The rapid rotating-frame method)(is based on the appli-
due to a crystallite aé and ¢. From the analysis of Eq. [3] it cation of the pulse train

can be seen that for arbitrary valuesénd ¢ the resulting

signal recorded with the two-pulse encoding technique is a [(G,At)o — 7]

mixture of amplitude and phase encoding. Only for those

quadrupole nuclei with a particular orientation that satisfies )@t + much shorter than the transverse-relaxation time. F
condition w5t, = m/2 is a pure phase-modulated nutatiop_resonance spins, or those with a frequency offset that s
spectrum obtained. _ _ isfies Avrk, with k an integer, the flip angles induced B
Our numerical calculations of the spin density reconstructggcymulate and the amplitude of the signal acquired imthe
from Egs. [3] and [7] show that the powder distribution in thgcqyisition interval is modulated with the effective flip angle
90° pulse introduces minor distortions in the profiles. Experjz, 4\ (6, ¢)B,nAt,. In absence of dephasing during the shor
mental results also show that despite the orientation depeRyuisition window 7, the one-shot technique yields the

dence of the second pulse the two-pulse sequence is effectiyge amplitude-modulated signal, or pseudo-FID, as the :
to achieve phase encoding (see also Fig. 2 in R&j. The ethod 4).

reason is thqt the efficiency of the 90f’ plane rotation dependsrq convert this technique to a phase-modulated variant v
on the functionA(6, ), but the amplitude of the observedinsert a g,t,).,, pulse prior to acquisition. After the short
magnetization is weighted by the same functlon. As an exaferval of free evolutionr, a (B.t,)_.,» pulse put the magne-

ple we can analyzg the caosefrpf= 0, thenk = V/3sin6/2. The tization back onto the original nutation plane of the rotating
Ieng'Fh of the nomlngl 90 p.ulse for powder correspopds 8Rame. Then, the spatially dependent nutation angle advanc
proximately to the first maximum of the Bessel functidn  \ith the next gradient pulse. The pulse sequence for rap

then phase-modulated rotating-frame method results in

\/@ [(G1At)o(Bote) w2 — T — (Bata) —moln-

> vB.t, = 7/ \/6.
Using the QIR formalism it is straightforward to demonstrate
in the absence of spin interactions, the equivalence of tl

Therefore, only those crystals oriented at an angjethat nytation signals obtained by both the 2D and the 1D phas
satisfies sirf, = V/3/2 experience a perfect phase modulationcoding techniques.

When the orientatiof deviates from this condition, the signal

results modulated in both amplitude and phase. Whgoes to EXPERIMENTS AND RESULTS
zero, the mixture between amplitude and phase modulation
increases but then the signal intensity approaches zero. To produce both homogeneous and inhomogeneous |

It should be mentioned that a similar problem is faced witfields, the double-coil arrangement described in RBf was
the implementation of phase-modulated rotating-frame imaigaplemented. The RF gradient is produced with the aid of a
ing (PMRFI) in NMR using a transmitter surface callg]. It anti-Helmholtz coil of 20 mm in diameter. A solenoid, 18 mm
has been demonstrated that despite the presence ofBargen diameter and 30 mm long, coaxial to the anti-Helmholtz, i
inhomogeneities to apply uniform 90° plane rotations throughised as the second transmitter/receiver coil. A major advants
out the sensitive volume of the coil, the PMRFI techniquef this coil arrangement is that the coils are decoupled per
provides accurate localization and the expecté®improve- thus avoiding the use of active decoupling circuits. The R
ment in sensitivity compared to the amplitude-modulated vefields are parallel as required for the phase-encoding techniq
sion. It was later demonstrated that adiabatic plane-rotati®his is also a suitable coil configuration to test the discrimi
pulses with a higher degree of toleranceBtononuniformities nation of positive and negative coordinates defined by a zer
can be implemented to execute uniform 90° pulses usingc@ssingB,; gradient. The coils were tuned at 34,260 MHz, the
single-surface coil for transmission and detectiti) ( *Cl-resonance of paradichlorobenzene at room temperature

In our implementation of the PMRFI NQR experiments the A Kalmus LP 1000 power amplifier drives the anti-Helm-
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inhomogeneous pulses of & and the length of the 90° pulse
was 20us, with detection intervals of 4fs.

Figure 2 shows the spatial profiles resulting from a one
dimensional Fourier transform of an amplitude-modulated (é
and phase-encoding (b) rotating-frame experiments carried ¢
on the two-compartment phantom. Notice the broadening
the peaks representing the quadrupole nuclear distribution
the Fourier-transformed spectra resulting from the powde
distribution of nutation frequencies, which is removed usin
the MEM procedure. Comparison of peak intensities in th

FIG. 1. One-dimensional spatial distribution reconstructed by the MENFourier spectra leads us to the conclusion that the PMR
procedure from data obtained with the 2D phase-encoding technique. @%periment yields approximately‘a/i gain in the signal-to-
profile represents the projection of the three-compartment test object cont:-i.'%ise ratio compared with the amplitude-modulated techniqu

ing paradichlorobenzene in powder: The peaks on the negative axis correspon licati fth . t tructi
to the two disks of 2-mm thickness separated by a 2-mm spacer, and the pea pplicaton of the maximum-entropy réconstruction proce

on the positive coordinate represents the third 3-mm-thick layer separated i€ to @ complex pseudo-FID gathered with the rapid phas
the others by a 3-mm spacer. The actual structure and position of the sampledulated technique leads to the profile shown in Fig. 3. A

can be reproduced because the profile reconstructed from the phase modulgiith the 2D technique, the spectrum does not contain tf
of _the FID signals contains components at the true spatial frequency of 'ﬂﬁadrature image of the spatial distribution, because the mc
SPins- ulation due to positive and negative valuesBafproduced by

the gradient coil can be distinguished by the phase-modulat
\Hechnique, like quadrature detection in the second frequen

Position [mm]

holtz coil, whereas a 600-W solid-state amplifier (two 300-
Motorola Mod. 827 power amplifiers working in parallel) is
used for the solenoidal coil. A phase shifter inserted in one of 10 4
the two transmitter paths allows us to adjust carefully the ] a)
relative phase of both channels. A homebuilt RF power switch
was implemented to drive each power amplifier independently.
To demonstrate the two-dimensional phase-encoding
method for spatial localization in powder materials, we applied
the technique in a simple one-dimensional imaging experi-
ment. For the two-dimensional encoding experiments, the

Intensity [a.u.]
o [8)]
1 1

'
(8]
1

NQR sample has three compartments, 10 mm in diameter, -10 - T : T T .
containing paradichlorobenzene in powder. Two compartments -2 -6 0 6 12
were 2 mm in depth and were placed in one half of the Position [mm]
anti-Helmholtz coil, while the third 3-mm-thick compartment 107

was positioned in the other half. A set of 64 NQR signals was
acquired in quadrature as a function of the pulse length starting
at 8 us, incremental steps of 8s, and with 10 transients per
pulse length. The duration of the nominal 90° pulse, obtained
by maximizing the FID excited with a sing®, pulse, was 20
us. To keep the image reconstruction procedure simple, the
object was positioned in the approximately constaptregion . , : . : ' .
of the coil arrangement. Figure 1 shows the profile of the 12 -6 0 6 12
quadrupole nuclear density of the object reconstructed by
MEM (15) under the assumption of lineB;, and constanB,
fields. It is apparent in Fig. 1 that the technique resolves the&1G. 2. Fourigr reconstructe_d profiles gt the on-resonance frequency fro
negative and positive coordinates defineddyy Therefore, the the dgta set acquired by thg rapid 1D amplltude—modulat.ed {;\nd phase—encoE
. . N . . experiments. The test object has two compartments; dimensions of ec
resulting spatial distribution shows the actual position of thgnartment are 2 mm in depth and 10 mm in diameter, separated by
quadrupole nuclei without quadrature image in Biedimen-  2-mm-thick spacer. The phantom was located in one half of the anti-Helmhol
sion. coil so that it experiences a singhy gradient. The data set (a) was gathered
For the rapid rotating-frame experiment, the phantom coksing the amplitude-modulated technique, which shows a quadrature image

sists of onlv two combartments of 10 mm in diameter andt e nutation frequency dimension, and spectrum (b) results from the phas
y P odulated experiment, which shows the gain in signal-to-noise compared wi

mm in depth and was placed in one half of the anti-Helmholgofile (a). Broadening of the peaks results from the powder distribution of t
coil. The train for the rapid phase encoding was composed rafation frequencies.

Intensity [a.u.]
[«
1

L
o

Position [mm]
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directly be applied to NMR systems to increase the sensitivil
in small-scale high-resolution imaging experimerits8,(19.
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