Journal of Magnetic Resonanitg1,228-234 (2001)

doi:10.1006/jmre.2001.2366, available onlatehttp://www.idealibrary.com o

@®
IDEAL

Circularly Polarized RF Magnetic Fields for Spin-1 NOR

J. B. Miller,*:1 B. H. Suits} and A. N. Garrowa

*Chemistry Division, Code 6120, Naval Research Laboratory, Washington, DC 20375-534Paysics Department,
Michigan Technological University, Houghton, Michigan 49931-1295

E-mail: joel.b.miller@nrl.navy.mil

Received June 26, 2000; revised April 20, 2001; published online July 3, 2001

The low sensitivity of nuclear quadrupole resonance (NQR) of
powders is due, in part, to the inability to efficiently excite and
detect nuclei at all crystal orientations. Here we describe the use
of circularly polarized RF magnetic fields for excitation followed
by detection of the resultant circular RF magnetization in | =1
NQR to increase the fraction of nuclei excited and detected. We
show that the technique can greatly improve the effective RF field
homogeneity and increase the largest signal amplitude by a factor
of 1.72. In favorable cases, the resulting circularly polarized NQR
signal can be separated from linearly polarized magnetoacoustic
and piezoelectric ringing artifacts that occur in some NQR materials
detection applications. © 2001 Academic Press
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axis of the sample. Moreover, the nutation rate induced by thi
applied RF fieldB;, used to excite the nuclei, depends on the
projection of that RF field on the QPAS axis associated with
the transition being excited, leading to a broad distribution of
nutation rates throughout a powder sample. In addition, th
detection efficiency also depends on the projection of the RI
field (of the receiver coil) on the same QPAS axis.

Clearly there exists a significant portion of the sample that i
only weakly excited by the RF magnetic field and hence will pro-
vide areduced signal after an RF pulse. However even this wez
excitation is enough to saturate these spins when, for exampl
multiple-pulse sequences are used to increase the signal-to-no

polarized. ratio (SNR) @). Therefore moving the sample or the coil and

repeating the experiment to excite and detect some of these spi
is generally not advantageous. Here we propose to improve tt
sensitivity of NQR measurements using a circularly polarizec
RF field, i.e., an RF field rotating on the timescale of the NQR

NQRis frequently referred to as “NMR at zero field,” the NUzegonance frequency, to detect a larger fraction of the crystallite

clear levels being split by internal electric field gradients rather | powder sample. We refer to the technique as “circularly
than an externally applied magnetic field. For the case of nucﬁjlarized NOR”

with spinl = 1 there will be, in general, three allowed transition
frequencies), assuming; # 0. Much understanding can be
gained by treating the individual transitions as those of isolated

| = 3 nuclei in a high magnetic field, the so-called “effective 1o ynderstand the advantages of circularly polarized NQF
spin model” 2, 3). The analogy is good for the case of singlegie must compare the effects of linearly polarized and circularly
crystal NQR, but certain precautions must be taken whegjarized RF fields in NQR and NMR. A linearly polarized RF
considering powders. Unlike NMR, where the quantizatiomagnetic field always has its direction along a fixed axis in the

axis is imposed by the experimenter via the applied stajgnoratory frame. For example a linearly polarized RF magneti
magnetic field and has a well-defined direction in the laboratofig|d along thez axis is given by

reference frame, in NQR a quantization axis for each nucleus
is determined by the charge distribution about the nucleus and

is tied to a molecular reference frame. Specifically, the NQR ) o )
quantization axis is determined by the quadrupole principféc'rcma”y polarized RF magnetic field has constant amplitude

axis system (QPAS) defined by the electric field gradient tenddft rotates in the laboratory reference frame. Itis the sum of tw
as seen by that nucleus. For nuclear spia 1, each of the spatially orthogqnal, linearly polarlzed f|elds°9@J_t of phase.
three possible transitions is associated with one of the thfe@" €xample a circularly polarized RF magnetic field inthy
orthogonal axes of the QPAS)( In a powder, there is no Plane is given by

unique direction in the laboratory defining the quantization

INTRODUCTION

RESPONSE TO A CIRCULARLY POLARIZED FIELD

By =B1 COS@I)Z. [1]

Bic = Bi(coswtx + sinwty). [2]

We note that a linearly polarized field can be written as the sun

1 To whom correspondence should be sent. Fax: (202) 767-0594.
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of two circularly polarized fields whose frequencies differ in z
sign. A coil that produces a linearly or circularly polarized RF -
field is referred to as a linearly or circularly polarized coil re-
spectively. A circularly polarized coil is easily constructed from
two orthogonal linearly polarized coils electrically connected
90 out of phase. For the sake of the discussion that follows, we
will assume such an arrangement.

In NMR, after excitation, the spins precess about the static 4
magnetic field, producing a circularly polarized RF field. The
signal observed in a standard NMR experiment, i.e., from a lin-
early polarizedreceiver coil, is proportional to the time derivative
of the projection of the time-dependent magnetic field from the
spins onthe coil axis. Such alinearly polarized coil cannot differ-
entiate signals, or noise, at the Larmor frequengy,from sig-
nals at—wy. In the rotating frame we commonly use quadrature
detection to differentiate frequenciesgt+ § from wg — § and
obtaina 2 increase in SNR by separating the noise contributions ® Y
at the two frequencies. Howdt al. (5, 6) showed that laboratory
frame quadrature detection, i.e., detection with a circularly
polarized coil, differentiates signals @ from signals at-wo,
resultinginan additional2increase in SNR. Put another way, a
circularly polarized coil detects the spins along two orthogonal
axes, doubling the measured signal, and under the assumptic X
that the noise currents detected along the two axes are indepen-
dent, the SNR is increased bé_Z\lote that for NMR we have FIG.1. Reference frame fax-, y-, andz-coil placement and showing the
not required the spins to be irradiated with a circularly polariz&eAS orientation along andy in the laboratory frame.
field to obtain the enhanced SNR with circularly polarized

detection. i i ,
In NMR, the effectiveB, field strength per unit input powerThe detected signal depends on the number of spins excite

is increased by 2with a circularly polarized transmitter coil and the sgnsmwty Of the coil to th? e\_/olvmg magnetization.
because a linearly polarized coil uses half the available pOV\;Q?e total signal amplitide detected is given by

to create the (useless) counterrotating circularly polarized RF o x

field. (We assume that each of the component coils of the 1 . ¢ P

circularly polarized coil is as efficient as the linearly polarized S= A / dgo/ do sm(y Be“r) Betr SING, [4]
coil.) Below we show that the use of circularly polarized fields 0 0

n NQR _results N more _efﬂme_nt use of RF power and Where By is the effective field of the receiving coil a8
Increase n SNRyut for entirely different reasons is the effective field of the transmitting coil. Using our linear
. Unlike NMR.’ where F‘“C'e.ar precession abdy creatgs @ coil for both transmission and reception, we hajg = cost,
cwcglarly polarized RFfleId,!n NQRFhe nqclearmagn(a_tlzatlo nd B, =By (6, ¢). Substituting into Eq. [4] leads to the
qscnlatesilong the QPAS axis, creating a.I|nearIy polgnzeq R ell-known result 7) that, in NQR of spinl =1 powders,
field. To un_dersta_md why C|rcul_arly polarized eXC|tat|on_ ﬂeldﬁqe variation of signal amplitudé, following an RF pulse of
and detection coils are useful in NQR, we must consider '%Qngthr is given by
effects of the distribution of crystallite orientations in a powder
on B; efficiency and SNR. For ah=1 nucleus with a QPAS 7
component alongd( ¢), transitions between levels associated § = \/% J3/2(@), (5]
with this QPAS component can be induced by irradiating
along 0, ¢). In a standard pulsed NQR experiment, we usgherea = y Bt is the pulse nutation angle anli» is the
a linearly polarized coil for both excitation and detection. IBessel function of ordeg. The maximum signal occurs at a
Fig. 1, such a situation is depicted using a co#at 0 (thez nutation angle of 119and accounts for only 43% of the poten-
coil), in a spherical coordinate frame, resulting in the RF fieldal signal that could be observed for an aligned single crysta
described by Eq. [1]. The exciting field seen by the nucleus Eguation [5] is plotted in Fig. 2 along with sin the variation
the projection 0By onto the QPAS axis: in signal amplitude wittw for NMR or single-crystal NQR.
To create a circularly polarized field, we need to generate tw
B1.(0, ¢) = By coso, [3] spatially orthogonal RF fields that are also® @ut of phase.
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1 e T T T T — sum. As seenin Fig. 2, the sum of the peak signals from the tw

coils gives 74% of the optimally detected single crystal signa
and 1.72 times the signal obtained with single-coil excitation
and detection, at a pulse nutation angle of°1@&ssuming the
received noise in the two coils is uncorrelated, this represent
an increase in signal-to-noise ratio (SNR) of 21%. Note that fol
small flip-angle pulses as might be used for stochastic excitatio
(9), the signal gain approaches 2 with circular polarization, anc
the SNR gain approaches 41%.

Although the underlying physics is very different for the two
cases, the use of circularly polarized excitation and detectio
similarly enhance®; efficiency and SNR in NMR and NQR.
In the NMR case, we are using circularly polarized fields to
excite and detect a circularly polarized magnetization. The cir

. . . . ey . . cularly polarized field affects all the spins in the same way. The
0 % 100 180 ﬁog,eg,ezeit)) 300 350 400 450 \MR spin system is inherently circularly polarized with only
one sense of rotation: circularly polarized excitation improves

FIG. 2. Signal amplitude as a function of pulse nutation anglesfor  excitation efficiency and circularly polarized detection increase:
NMR (dotted Iine).; Eq. [5] for linearly pqlarized NQR powder (dashed "ne_)-SNR, independently of each other.
for circularly polarized NQR powder (solid line), twice the value of Eq. [8] is In the NQR case, most of the gain in SNR comes from mors
used to reflect to total signal available. . o . . -

effectively exciting and detecting spins that otherwise are only

weakly excited and detected with a linearly polarized coil.
In Fig. 1, such a situation is depicted using two coils in th&€here is no SNR gain without circularly polarized excitation;
0 = /2 plane, atp = 0 (thex coil) andy = 7/2 (they coail), in fact the SNR is reduced for the case of circularly polarizec
as described above. The resultant circularly polarized RF fied#citation andinearly polarized detection. Keep in mind that,
(Eq. [2]) rotates inp, at frequencyw. The projection ofB;c  unlike the NMR case, the NQR signal arises from an oscillating
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produced alongd, ¢) is magnetization; therefore only a phase-shifted linearly polarize
component of the rotating field excites the spins. The RF phase
B1c(6, ¢) = Bicosgt — ¢) siné. [6] of spins with different orientations, each of which provides a

linearly polarized contribution to the total signal, are chore-

Equation [6] describes a linearly polarized field phase-shift@@raphed by the circularly polarized field to resultin a circularly
by —¢ and scaled by sif.. Note that even though we apply apolarized total magnetization. The sense of rotation is detet
circularly polarized field, the effective field seen by each niRined entirely by the sense of rotation of the applied RF field
cleus is linearly polarizedThus, Béff = By sin@; however we The effective increase iB; is not a real increase: from Eqgs. [1]
chose to treat the signal detection with each coil separateyld [2] we see that the maximum magnitudeBeg is equal to
BLy(X) = sind cog ¢; BLy(y) = sind sir? ¢. Using these val- the maximum magnitude &, assuming that each of the com-
ues ofBL, and Bl in Eq. [4] results in an integral for which no ponent coils of the circularly polellrized coil produces the same
simple closed from solution has been found. (This integral is thi per unit input power B, o« P2) as the linearly polarized
same as that encountered by Bloetal. (8) for a single-pulse, coil. Rather, the circularly polarized field has a larger projectior
linearly polarized field) = g NQR withn =0.) A tractable se- on the appropriate QPAS axis when averaged over all crystallit
ries solution is found using the relation orientations. This is illustrated in Fig. 3 where we plot the distri-
bution of normalize®B.s in a powder induced by a RF pulse of

00 magnitudeB;, assuming a perfectly homogeneous coil. For the
sin( sing) = 2~ Jaa(e) sinf(2k + 1)9]. [7] linearly polarized field case we see that®lk are equally prob-
k=0 able, cf. Eq. [3]. In a circularly polarized field, the probability is
resulting in strongly peaked at the maximuBys. The powder distribution
of QPAS orientations effectively creates an inhomogeneous R
o field. Circularly polarized excitation effectively homogenizes
S =2 Jife) Z Jot1(@) . [8] theRFfield, resultinginthe decrease in the pulse nutation ang
3 — (2k+3)(K + 1)(& — 1) necessary for the largest signal, and indirectly in the increas

in SNR.
The 31 are Bessel functions of ordek 2- 1 andwx is the pulse  Hoult and coworkersY, 6) point out that coupling between
nutation angle. This sum converges quickly, and results accurtite two orthogonal coils in a circularly polarized coil can
to within 1% are obtained, keeping only the first two terms in tHead to degradation of the coil quality facta@, potentially
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15 T T T T RESULTS

In Fig. 4 we plot the measured NQR signal amplitude as
function of pulse nutation angle for both linearly polarized anc
circularly polarized excitation/detection (experimental details
are provided in the next section). The linearly polarized dat:
were fitted to the theoretical curve, Eq. [5], using the amplitude
and B; as the fitting parameters. The circularly polarized data
detected in one spatial direction only, were scaled using the ar
plitude andB; parameters determined with the linearly polarized
data:there are no additional adjustable parameters in the fit of
the circularly polarized data to the theoretical curvehe cir-
cular polarization results verify the predicted signal amplitude
and the decreased pulse nutation angle required for maximu
: - ) | signal. For large nutation angles, the slower decrease in si
0 0.2 0.4 0.6 0.8 1 nal amplitude with increasing pulse nutation angle when usini

Normalized Effective B, circularly polarized excitation is an indication of the increasec

FIG. 3. Dis't.ribution QfBeﬁ induced bngF pulse ofmagnitude,ﬁalotted eﬁ?ﬁtelvienr(;:’)en;zggnsil":)e!cotifvtgehsrfw:)lgfr;eity of the RF field ob

as the probability of a giveBes as a function of the normalizeBksr, Besi/B1. . . A ] N ]
The solid line is the circularly polarized field, and the dashed line is the linead@ined with circularly polarized excitation has benefits beyont
polarized field for NQR. For a perfectly homogeneous RF coil, the NMR casacreased SNR. For example, the distribution of pulse nutatio
is a delta function aBefr/ By = 1. angles resulting from the use of linearly polarized excitatior
in NQR makes inversion-recovery, and even to some extel
saturation-recoveryl; experiments difficult. The distribution

nullifying the SNR gain. In NMR imaging, where circularly po_of nutation angles leads to a relatively small fraction of the
larized excitation and detection are primarily used, sample nofins that are actually inverted by the first pulse. This prob
usually dominates the coil noise; hence variation®ihave lit- l1em is largely overcome by using circularly polarized excita-
tle effect on the overall SNR. In low-frequency and wide-linéion. In Fig. 5 we plot signal amplitude as a function of pulse
experiments we must be concerned with probe recovery time di#ation angle for a pulse sequence consisting of a variable nut
bandwidth. In low-frequency NQR it is not uncommon for théion angle pulse followed by a short delay and then an effectiv
signal linewidth to be a significant fraction of the probe band90°” pulse (102 for a circularly polarized field and 11%or a
width, or equivalently[T; to be a fraction of the probe recovery
time. Coupled with the commonly large variations of resonance
frequency with temperature, the narrow bandwidths and long re- 5
covery times of high® probes can be serious problems. In suc
situations, circularly polarized excitation/detection will provide 04f
additional SNR advantages. 03}

The total transmitter power required for an excitation pulse g
anotherissue. In NQR, a 10@ircularly polarized pulse requires % 02
approximately 50% more input power than a 1liSearly polar- £ 0.1}
ized pulse with coils of equal efficiency and equal pulse length®
If the Q of the circularly polarized coil is lower than the lin-&
early polarized coil, additional transmitter power is required. IE-0.1 -
many cases the available power is not the issue; rather eIecg 02t
cal arcing in the probe limits the power that can be applied 2 =
the probe. Even though a circularly polarized coil requires 50' -0.3f
more power than an equally efficient linearly polarized coil, th
peak voltage in the circularly polarized coil is 14% less than i
the linearly polarized coil. This is a relatively modest advar -05; 100 200 300 200 500 500
tage; in similar circumstances in NMR the peak voltage woul o (degrees)
be reduced by 30% for a circularly polarized coil. , _ _ _ ,

We note that the idea of using circularly polarized fields fcﬂ' FIQ. 4. Expenmental angl predicted s.lgnal amplitude as a function pfpulse

utation angle: Eq. [5] for linearly polarized NQR powder (dashed line anc

. . 3 . .
e_xcmng and detectind = 3 NQR has been discussed in thepen triangles for experimental data): Eq. [8] for circularly polarized field NQR
literature (L0—12 for purposes other than SNR enhancement.powder (solid line and open circles for experimental data).
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05 v v T v r T a single ringing source, a linearly polarized signal is observet
no matter what RF excitation is applied. The linearly polarizec
signal can be decomposed into two counterrotating circularl
polarized signals of equal magnitude (Fig. 6b) that can be use
to separate NQR and ringing signals. Not only is the phase c
the ringing signal determined by the RF pulse phase and re
ceiver propagation delays, like the NQR signal, but also by the
source’s orientation relative to the coils. This additional phast
shift is clearly observed in Fig. 6b. If there is more than one
ringing source at the same frequency, the resulting signal ma
be a combination of linearly and circularly polarized, i.e., ellip-
tically polarized. In this case the two counterrotating circularly
polarized signals are not the same (Fig. 6¢) and the NQR ar
-0.4} 1 ringing signals cannot be completely separated. Nonetheles
some improvement will be observed.

Normalized Signal Amplitude

0 100 200 300 400 500 600
o (degrees)

EXPERIMENTAL

FIG.5. Experimental and predicted signal amplitude as a function of pulse . ) . .
nutation angle for a two-pulse sequence: for linearly polarized NQR powder The use of crossed coils for circularly polarized NQR is com-
(dashed line and open triangles for experimental data); for circularly polarizpdicated by the fact that, unlike NMR where the nuclei are sen
field NQR powder (solid line and open circles for experimental data). The signgkjye only to two of the RF field components, in NQR all three

was recorded after excitation byavarlabl_e angle_pulse_, foIIowed_pygshortde mponents contribute to the excitation. In addition, two spa
(10 ms) and a pulse that produces maximum signal in an equilibrium system

The predicted signals were obtained by numerical integration as discusse&"mly ortho'gonal coils d(_) nOI.’ in general, prOduce muwa”y or-
the text. thogonal fields at all points in space. We have chosen to use

birdcage coil {3, 14 to partially circumvent this problem.

linearly polarized field). For circularly polarized excitation, very
little magnetization is lost by inversion, particularly compared *Cireular Polarization —Circular Polarization
to linearly polarized excitation. [ ) ) ) ) ) ) i i
Torealize the increased SNR with circularly polarized NQR, it
is sufficient to appropriately phase-shift and sum the two quadri|
ture components of the circularly polarized signal in the labora o o . Y= 1
tory frame prior to detection by the receiver, effectively creating
a linearly polarized signal. There are advantages to detectir
the circularly polarized signal directly, however. Unlike NMR,
where the sense of rotation about the static field is determine
by the sign of the magnetogyric ratio, in NQR the sense of ro
tation is determined by the applied circularly polarized RF fielc
(Fig. 6a). The phase of the NQR signal is determined by th
phase of the RF pulse and any propagation delays in the r| ) )
ceiver, just as in a standard NMR experiment. Potentially, thi
added information can be used to our advantage.
Low-frequency magnetic resonance experiments are ofte|
plagued by artifacts arising from magnetoacoustic ringing 0_gooo —4000 0 4000 8000 8000 —4000 0 4000 8000
piezoelectric ringing. This is especially true for measurement Frequency (Hz)
made for the purpose af situ materials detection, where the _ — . . .

. . . . FIG. 6. Circularly polarized field data: (a) circularly polarized NQR signal
e_nvwonment_ surroundlng the sa_mple IS Oft_en less the_m id m NaNG; at 4.6 MHz; (b) magnetoacoustic ringing signal, in the same fre-
Like NQR signals, the ringing signals are inherently linearlyyency range, from a pair of locking pliers showing a linearly polarized signal
polarized; however unlike NQR where there is a statisticaltgqual counterrotating circularly polarized signals); (c) magneto-acoustic ring
large number of signal sources (the crystallites), there are u#g-signal from the same pair of locking pliers after retensioning the lock spring.

a"y onIy a few ringing sources that respond near the NQR ﬁ?h_owing an elliptically polarized signal. The-Circular Polarization” signals
ollow the applied circularly polarized field, and the-Circular Polarization”

9uency' There are"ra_rely enough rlnglng_sogrces FO give a trsl'rb%als rotate in the opposite sense. The circularly polarized signals were ol
powder-averaged” signal; therefore the ringing artifacts gengfmed in the rotating frame as described in the text. The same phase paramet
ally do not give rise to perfectly circularly polarized signals. Fakere applied to all spectra.

a

[
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ture components of the circularly polarized RF signal with out
standard single-channel receiver. The two outputs of the prok
are connected to separate transmit/receive (T/R) switches a
separately amplified by two preamplifiers chosen to have th
same gain. (The input to one preamp was terminated i 50
for linearly polarized detection.) The output of one preamp (PA
is attenuated by 3 dB and the other (PB) is split by’ A18C°

power splitter. The outputs of the splitter are fed to the inputs o
w Recame acommercial SPDT GaAs FET switch. The output of the switcl
= b 0 0 and the signal from PA are combined in a power combiner an
TR . . . .
180 sent to the receiver for further amplification, demodulation, anc

digitization. The polarity of the switch is inverted for alternating

samples so that the total signal alternates betweent{P8
FIG.7. Schematic of the circularly polarized NQR excitation/detection sys- b 9 n-l-( )

tem. The components are identified in the text. and (PA__ PB)_‘ . . .
The signal is oversampled and in post-processing adjace

data points are combined appropriately to obtain either PA or PE

Two separate four-element birdcage coils were employed®A and PB can then be combined to increase the SNR and d
this study. Our large volume birdcage coil (Fig. 7) is built akermine the sense of signal rotation in the laboratory frame. Th
a cubic structure instead of the traditional cylindrical desigiwo laboratory frame circularly polarized signals are obtainec
This design was originally chosen to allow the creation of Rfin the rotating frame) from PA: PB*, where PB denotes the
fields in three orthogonal directions when the coil is tuned in@mplex conjugate of PB. Which of these gives the circularly
symmetric bandpass mod#5]. For practical reasons, the ex-polarized signal with the same sense of rotation as the applie
periments described here were performed with the coil tuneddincularly polarized field is determined by the sign of the phas
highpass mode. The coil is constructec%dﬁ. copper pipe con- shift of the quadrature splitter on the transmitter.
nected by brass fittings at the vertices, making a cube with 46 cniThe NQR sample used was 2.5 kg of sodium nitrite. As ¢
sides (100-L-enclosed volume). The coil is coarsely tuned wittource of magnetoacoustic ringing, which could be used to te
eight high-voltage mica capacitors and fine-tuned with cerantlee system, it was found that a pair of locking pliers placed in th
capacitors and two variable capacitors. A small volume cylicoil provided a convenient artifact signal, presumably from
drical birdcage coil (4.3 L) was constructed using 1-in. coppére chrome plating. All experiments were performed at roon
foil for the end rings and 0.039-in. copper ribbon wire for theemperature on th¥N v, line at 4.64 MHz. The data in Figs. 4
rungs, and was tuned with ceramic chip capacitors and six vatd 5 were obtained in the small volume coil from the same twa
uum variable capacitors. Both coils were matched by inductipellse sequence by collecting data after both pulses. The data
coupling with two single-turn coils. The tuning and couplindrig. 6 were obtained in the large volume coil with a one-pulse
are adjusted to bring the two spatially orthogonal modes of teequence. The pulse length for maximum signal with linearl
coil to resonance at the same frequency. The decoupling of fiarized excitation/detection was 2(@ in the large volume
two modes is better thar35 dB. The tuned and matched coilcoil and 150us in the small-volume coil. The pulse nutation
is housed in a RF shielded enclosure. angle was adjusted by varying the pulse duration; however th

Two spectrometers were set up for the circularly polarizqullse areas are used here to correct for measurable pulse dro
NQR experiments described here. One is a standard, homebuilh Fig. 5, the predicted curves were obtained by numerical in
low-frequency spectrometer controlled by a Chemagnetics putegration over the powder orientations. The SOPHE methad (
programmer and the other is a Tecmag NQRKit (reference tavas used to generate 208, {) pairs. These pairs were then
particular product is for identification only; other products fronoptimized with the REPULSION method ). Without the op-
other vendors may well be equally suitable for this applicaimization step, numerical integration of Eq. [4] usiBj; =
tion). To both, the following additions were made. The outpuosf and Bl; = By (¢, ¢) did not adequately reproduce the
of the high-power transmitter is split by a homebuilt high-poweanalytical results, Eq. [5], which was the case even when moil
quadrature splitterl®) before going to the probe. This narrow-than 70004, ¢) pairs were used.
band splitter is designed to handle the 3.5-kW output of the
transmitter. The outputs are balanced to within 1 dB and the CONCLUSIONS
phase shift is within 2o0f quadrature. For linearly polarized ex-
periments, one of the quadrature splitter ports was terminatedrhe use of circularly polarized RF fields for NQR excita-
in 50 2, as was one of the inputs to the probe. Note that theien of a spinl =1 powder results in a 1.72 times increase in
additions require no modification of the spectrometer. the detected signal, similar to the= % NMR case. Unlike the

A special preamplifier setup (Fig. 7) is used to allow the sNMR case, where the increased signal comes from improve
multaneous separate detection of both laboratory frame quaditatection of the precessing spins, the NQR signal gain arise
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primarily from excitation and detection of a larger fraction of and R. A. Krauss, Explosives detection by nuclear quadrupole resonanc
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field improves the excitation field homogeneity for powder sam®- D 1. Hoult, C.-N. Chen, and V. J. Sank, Quadrature detection in the labora
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experiments. The NQR signal resulting from circularly polarize . .
N . A . S. Vega, Theory of Trelaxation measurements in pure nuclear quadrupole
excitation is also circularly polarized, a feature that can be used resonance of spins = 1, J. Chem. Phys61, 1093-1100 (1974).
to help differentiate it from artifacts such as magneto-acoustig . goom, E. L. Hahn, and B. Herzog, Free magnetic induction in nuclear
and piezoelectric ringing that usually produce only linearly po- quadrupole resonancehys. Rev97,1699-1709 (1955).
larized signals. 9. M.-Y. Liao and D. B. Zax, Analysis of signal-to-noise ratios for noise ex-
citation of quadrupolar nuclear spins in zero field,Phys. Chem100,
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