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Spurious signals such as the piezoelectric signal from a ferroelec-
tric crystal or the ringing signal from the NMR probe head tuned for
low gyromagnetic ratio nuclei are often observed in pulsed NMR.
Both signals are cancelled using the Hahn echo sequence with ap-
propriate phase cyclings. The present paper applies a composite-
pulse sequence to cancel the ringing signal. The main advantage of
this sequence over the Hahn echo sequence is in the simplicity of
optimizing the line intensity: the optimization of only one pulse du-
ration for this sequence but of two pulse durations and the interpulse
delay for the Hahn echo sequence. We are interested in half-integer
quadrupole spins (I = 3

2 ,
5
2 ,

7
2 , and 9

2), which means that we must
consider the first-order quadrupole interaction during the pulses.
For simplicity, we deal mainly with spin I = 3

2 nuclei. Since the
central-line intensity depends on the ratio of the quadrupole cou-
pling constant (QCC) to the amplitude of the RF pulse, we can deter-
mine the QCC from a featureless lineshape by fitting the variation
of the experimental central-line intensity for increasing pulse du-
ration with theoretical results. Contrary to the one-pulse sequence
where the central-line intensity is proportional to the pulse duration
if the latter is short, there is no such condition with the composite-
pulse sequence. In other words, this sequence does not allow us to
quantify the relative spin populations in powders. The size of the
sample must be much smaller than that of the RF coil in order for
the RF magnetic field to become homogeneous for the sample. We
used 87Rb (I = 3

2) in an aqueous solution of RbCl and in RbNb2O5F
powder, 131Xe (I = 3

2) of xenon gas physisorbed in Na–Y zeolite,
and 23Na (I = 3

2) in two well-known powders (NaNO3 and NaNO2)
to support our theoretical result. C© 2001 Academic Press

Key Words: spurious signal suppression; half-integer quadrupole
spin; composite-pulse sequence; featureless lineshape; spin-
population quantification.
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INTRODUCTION

In pulsed NMR, spurious signals are often observed with
one-pulse sequence (Fig. 1a) as a complex FID superimpos
that of the spin system (1, 2). They distort the spectra so strong
that the lineshape becomes difficult to recognize. There are
kinds of spurious signals: (i) the ringing signals from the NM
probe head tuned for low gyromagnetic ratio nuclei in stro
Zeeman fieldB0 and (ii) the piezoelectric signals from ferroele
tric materials in single crystal form (3, 4). Figure 2a presents th
101090-7807/01 $35.00
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effects of the ringing on the spectra of131Xe (I = 3
2) of xenon

gas, physisorbed in the supercages of Na–Y zeolite, for incr
ing pulse durationt1. Clearly, we have difficulty recognizing th
131Xe lineshape.

The two-pulse Hahn echo sequence with appropriate p
cyclings cancels these spurious signals (1, 5, 6). However, the
use of this sequence requires the optimization of the durat
of the two pulses and of the interpulse delay for obtaining
best line intensity. We apply a composite-pulse sequence
sisting of three pulses of the same durationt1 but without any
delay between them (Fig. 1b) and with the following four pha
cyclings (7):

First RF pulse: −X −X +X +X

Second RF pulse:+X +X +X +X

Third RF pulse: +X −X −X +X

Receiver: +X −X +X −X.

[Sequence 1]

With the one-pulse sequence, an acquisition delayd (Fig. 1)
of 80 µs is necessary to not detect the ringing signals
131Xe FIDs. In contrast, only ad = 20 µs is required with
this composite-pulse sequence to observe131Xe FIDs without
any ringing signals, resulting in flat-baseline spectra (Fig. 2

The present paper applies this composite-pulse sequ
to determine the two quadrupole parameters of half-inte
quadrupole spins (I = 3

2,
5
2,

7
2, and9

2) in powder: the quadrupole
coupling constante2q Q/h (QCC) and the asymmetry param
ter η. For simplicity we focus on a spinI = 3

2 system in pow-
der. If the second-order quadrupole interactionH (2)

Q is present,
the central-transition lineshape acquired with one-pulse,
composite-pulse, or the Hahn echo sequences should pro
us with the QCC andη (1, 8, 9). However, ifH (2)

Q is small, the
first-order quadrupole interactionH (1)

Q becomes the main inter
nal interaction. As a result, the spectrum of the central line
a featureless lineshape, which means that the lineshape a
sis is not useful for determining QCC andη. We can apply the
2D nutation approach to find the two quadrupole parame
(10, 11). Due to the long pulse duration involved in th
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FIG. 1. (a) One-pulse sequence whose pulse duration ist1 and
(b) composite-pulse sequence whose total pulse duration is 3t1. Due to the ac-
quisition delayd, the FID acquisition, whose duration isTFID, starts at point A.

experiment, we prefer to apply the 1D nutation approach w
the composite-pulse sequence and extract the QCC by fitting
experimental line intensity for increasing pulse duration with
theoretical expression and the Simplex procedure.

We take into accountH (1)
Q during the RF pulses (11–16) be-

cause the quadrupole couplingωQ can be bigger than the am
plitudeωRF of the RF pulse. In the literature, consideringH (1)

Q
during the RF pulses is called soft-pulse excitation. On the o
hand, ifH (1)

Q is neglected during the RF pulses, the excitation
called hard-pulse excitation. Of course, the soft-pulse excita
includes the hard-pulse case. Consequently, our theoretica

FIG. 2. (a) 131Xe one-pulse spectra and (b) composite-pulse spectr

xenon physisorbed on Na–Y zeolite, for increasingt1 ranging from 2 to 20µs in
steps of 2µs. Xenon pressure is 700 Torr. FIDs were acquired withd = 20µs;
NS= 2800;D0 = 0.3 s.
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sults on line intensity are valid for any ratio ofωQ/ωRF for single
crystals or QCC/ωRF for powders. However, there is an upp
limit for these ratios over which the theoretical line intens
does not change anymore. In contrast to the one-pulse sequ
numerical calculation on the central-line intensity generated
this composite-pulse sequence shows that there is no excita
condition (the pulse durationt1) that allows us to quantify rel-
ative spin populations in powder. We illustrate the two extre
cases (zero QCC) with the nuclei87Rb (I = 3

2) in an aqueous
solution of RbCl where the electric-field gradient (EFG) is ze
and in Pyrochlore RbNb2O5F powder where the EFG is stron
(17). For intermediate cases we use the nuclei23Na (I = 3

2) in
two extensively studied compounds, NaNO3 and NaNO2, whose
e2q Q/h andη are (0.336 MHz, 0.0) and (1.1 MHz, 0.1), respe
tively (18–20).

THEORY

The Hamiltonians throughout the paper are defined in an
lar frequency units. Considering only the first-order quadrup
interaction H (1)

Q and neglecting magnetic dipole–dipole co
plings, chemical shift anisotropy, and relaxation phenomena,
Hamiltonian during anX pulse is

H (x) = H (1)
Q − ωRFIx; [1]

that during a−X pulse is

H (−x) = H (1)
Q + ωRFIx, [2]

with

H (1)
Q =

1

3
ωQ
[
3I 2

z − I (I + 1)
]
, [3]

ωQ = 3e2q Q

8I (2I − 1)hÃ
[3 cos2 β − 1+ η sin2 β cos 2α]. [4]

The first two Euler anglesα andβ describe the orientation of the
Zeeman fieldB0 in the principal axis system (PAS) of the EFG
tensor. The quadrupole couplingωQ is defined experimentally
as half the frequency separating two consecutive lines in
spectrum of a single crystal.

The dynamics of a quadrupole spin system excited by
composite-pulse sequence is described by four density oper
ρ1(3t1), ρ2(3t1), ρ3(3t1), andρ4(3t1) associated with the four
phase cyclings in Sequence [1]:

ρ1(3t1) = exp
(−2i H (x)t1

)
exp

(−i H (−x)t1
)
ρ(0)(

(−x)
) (

(x)
)
× exp i H t1 exp 2i H t1

= exp
(−2iH (x)t1

)
ρ−x(t1) exp

(
2i H (x)t1

)
[5]
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for the first acquisition of the FID,

ρ2(3t1) = exp
(−i H (−x)t1

)
exp

(−i H (x)t1
)

exp
(−i H (−x)t1

)
×ρ(0) exp

(
i H (−x)t1

)
exp

(
i H (x)t1

)
exp

(
i H (−x)t1

)
= exp

(−i H (−x)t1
)

exp
(−i H (x)t1

)
ρ−x(t1

)
× exp

(
i H (x)t1

)
exp

(
i H (−x)t1

)
[6]

for the second FID acquisition,

ρ3(3t1) = exp
(−i H (−x)t1

)
exp

(−2i H (x)t1
)

×ρ(0) exp
(
2i H (x)t1

)
exp

(
i H (−x)t1

)
= exp

(−i H (−x)t1
)
ρx(2t1) exp

(
i H (−x)t1

)
[7]

for the third acquisition, and

ρ4(3t1) = exp
(−3i H (x)t1

)
ρ(0) exp

(
3i H (x)t1

)
= ρx(3t1) [8]

for the last acquisition. In Eqs. [5]–[8], the density operators
the first pulse are introduced:ρx(t1) andρ−x(t1) for an X pulse
and a−X pulse of pulse durationt1, whose expressions are

ρx(t1) = exp
(−i H (x)t1

)
ρ(0) exp

(
i H (x)t1

)
, [9]

ρ−x(t1) = exp
(−i H (−x)t1

)
ρ(0) exp

(
i H (−x)t1

)
. [10]

In the high temperature approximation, the thermodyna
equilibrium state is described byρ(0) = Iz. The central-line
intensityS(3t1) is given by

S(3t1) =
〈
−1

2

∣∣∣∣{ρ1(3t1)− ρ2(3t1)+ ρ3(3t1)− ρ4(3t1)}
∣∣∣∣12
〉
,

[11]

where the signs of the four density operators±ρ j (3t1) are those
of the receiver phase given in Sequence [1]. Similarly, for
one-pulse sequence, the central-line intensity is given by

S(t1) =
〈
−1

2

∣∣∣∣ρx(t1)

∣∣∣∣12
〉
. [12]

In fact, Eqs. [5]–[10] are defined by quantum operators
practice, they are expressed in matrix form in order to apply
trix multiplication, which can be performed by computer. Sin
the matrices ofH (x) andH (−x) expressed in the eigenstates ofIz

are not diagonal, the matrices of their eigenvalues and eigen
tors must be determined first. The two HamiltoniansH (x) and
H (−x) have the same eigenvalue matrixÄ, but different eigen-

vector matrices, denoted byT andU , respectively. Analytical
expressions forÄ, T , andU were obtained for a spinI = 3

2 sys-
tem (21). However, it is easier to determine them with numeric
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procedures, which are valid for the four half-integer quadrup
spins. For the firstX or−X pulses of the composite sequenc
the density operators become

ρx(t1) = T exp(−iÄt1)T † ρ(0)T exp(iÄt1)T †, [13]

ρ−x(t1) = U exp(−iÄt1)U † ρ(0)U exp(iÄt1)U †. [14]

Since the density operatorρ(t1, ϕ) associated with an RF puls
of phaseϕ (phase relative to that of anX-pulse) is related to tha
of an X-pulseρx(t1) by

ρ(t1, ϕ) = exp(−i ϕ Iz)ρx(t1) exp(i ϕ Iz), [15]

in the matrix form, an element ofρ(t1, ϕ) and that corresponding
to ρx(t1) are related by

〈r |ρ(t1, ϕ)|c〉 = 〈r |ρx(t1)|c〉 exp(−i pϕ), [16]

p being the coherence order (22). Equation [15] allows us to
rewrite Eqs. [5]–[8] as

ρ1(3t1) = T exp(−2iÄt1)T †ρ(t1, π )T exp(2iÄt1)T †, [17]

ρ2(3t1) = U exp(−iÄt1)U †T exp(−iÄt1)T † ρ(t1, π )

× T exp(iÄt1)T †U exp(iÄt1)U †, [18]

ρ3(3t1) = U exp(−iÄt1)U †ρx(2t1)U exp(iÄt1) U †, [19]

ρ4(3t1) = ρx(3t1). [20]

Equations [17]–[20] require numerous matrix multiplication
For this reason we perform a numerical calculation instead
an analytical calculation. For powdered samples, averaging
direction of B0 in the PAS of the EFG tensor is performed a
cording to the previously described procedure (18, 23). The aver-
aged central-line intensities are denoted by〈S(t1)〉 and〈S(3t1)〉
for the one-pulse and the composite-pulse sequences, re
tively. They depend ont1, ωRF, e2q Q/h, andη, instead of on
t1, ωRF, ωQ, andη for the central-line intensitiesS(t1) andS(3t1)
of a single crystal. Experimentally, the central-line intensity
given by the amplitude of the first sampled point of the FID
the integrated area of the central line; both are affected by
acquisition delayd.

Figure 3a presents the graphs of the averaged central-lin
tensity〈S(t1)〉 of a spinI = 3

2 system versus the pulse duratio
t1 in the one-pulse sequence. Several QCCs, always withη = 0,
have been used. The graphs have sine shapes. In fact, they a
sum of sine curves with different amplitudes and phases. Th
properties are the foundation of the 2D nutation approach (11).
The Fourier transform of these sine curves provides us wi
specific lineshape in theF1 dimension of 2D nutation spectrum
al

This lineshape depends on the QCC/ωRF ratio andη. Figure 3a
shows that the maximum of the line intensity and the associated
pulse duration decrease when the QCC increases (14, 15, 20).
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FIG. 3. Calculated powder central-line intensities of a spinI = 3
2 ,

(a) 〈S(t1)〉 for the one-pulse sequence and (b)〈S(3t1)〉 for the composite-pulse
sequence, with the pulse durationt1 ranging from 0 to 10µs for four values of
e2q Q/h (0, 100, 200, and 1000 kHz);η = 0;ωRF/(2π ) = 50 kHz.

However, for short pulse duration, the line intensity is prop
tional to the pulse durationt1, whatever the QCC. This is th
well-known excitation condition for obtaining quantitative r
sults on the spin population in powder. Figure 3b presents
graphs of the central-line intensity〈S(3t1)〉 of a spin I = 3

2
system versus the pulse durationt1 of the composite-pulse se
quence with the same parameters as for the one-pulse sequ
The graph fore2q Q/h = 0 is a bell-shape curve and that fo
e2q Q/h = 1 MHz has two bell shapes of opposite signs.
with the one-pulse sequence (Fig. 2a), the pulse duration
maximizes the central-line intensity in the selective excitat
condition (e2q Q/h À ωRF/(2π )) is half that corresponding to
the nonselective excitation condition (e2q Q/h ¿ ωRF/(2π )).
The first maximum of the central-line intensity and the c
responding pulse duration decrease when the QCC incre
But there is no linear regime where the line intensity is p
portional to the pulse duration, even for short pulse durati
In other words, quantitative results on spin populations are
possible with this composite-pulse sequence. The three cu
concerninge2q Q/h = 0, 100, and 200 kHz (Fig. 3a) are sim
ilar for the one-pulse sequence. In contrast, the correspon
three curves for the composite-pulse sequence (Fig. 3b) are m

more distinguishable. As a result, the 1D nutation approach w
the composite-pulse sequence allows a precise determinatio
weake2q Q/h values.
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In practice, the FID acquisition starts at point A (Fig. 1
Therefore, the first part of the FID is lost. As long asd is small
compared to the durationTFID of the FID, d has a negligible
effect on the spectra. This is the case for131Xe of xenon gas
physisorbed on Na–Y zeolite at room temperature where
tion averages the EFG in the supercages (Fig. 2b). Howeve
general, the lines of solids are broad and an important pa
the FID can be lost. The spin-echo sequence is recommend
this case to recover the lost part of the FID (1).

EXPERIMENTAL AND RESULTS

The FIDs were recorded at room temperature with a Bru
MSL 400 multinuclear high-power pulsed NMR spectrome
The resonance frequencies of131Xe, 23Na, and87Rb are 32.8,
105.80, and 130.88 MHz, respectively. The high-power st
probe head was equipped with a solenoid coil 10 mm in diam
and 35 mm in length. In order to have a homogeneous RF
B1, a spherical container was used for aqueous solutions; o
other hand, powdered samples were packed as a cylinder 5
high and centered in the solenoid coil. Other experiment de
are given in the figure legends, namely, the number of sc
(NS), the recycle delay (D0), the acquisition delay or the dea
time of the receiver (d), and the RF pulse amplitudeωRF.

Figures 4a and 4b show two series of87Rb spectra of an aque
ous solution of RbCl versus the pulse duration, acquired w
the one-pulse and the composite-pulse sequences, respec

FIG. 4. 87Rb spectra of an aqueous solution of RbCl, obtained from

ith
n of
one-pulse sequence (a) and from the composite-pulse sequence (b), with the
pulse durationt1 ranging from 1 to 47µs in steps of 2µs; D0 = 2 s;d = 20µs;
NS= 4.
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FIG. 5. 87Rb spectra of powdered Pyrochlore RbNb2O5F, obtained from
the one-pulse sequence (a) and from the composite-pulse sequence (b), w
pulse durationt1 ranging from 1 to 47µs in steps of 2µs; D0 = 1 s;d = 20µs;
NS= 64.

FIG. 6. Fit (solid line) of87RbNb2O5F experimental line intensities (fille
squares) from Fig. 5b withI = 3

2 , e2q Q/h = 324 kHz,η = 0, andωRF/(2π ) =
13.53 kHz.
FIG. 7. 23Na spectra of powdered NaNO3, obtained from the composite-
pulse sequence, with the pulse durationt1 ranging from 2 to 60µs in steps of
2µs; D0 = 100 s;d = 6µs; NS= 16;ωRF/(2π ) = 23.31 kHz.
D MAN

th the

FIG. 8. 23Na spectra of powdered NaNO2, obtained from the composite
pulse sequence, with the pulse durationt1 ranging from 1 to 30µs in steps of
1µs; D0 = 1 s;d = 6µs; NS= 64;ωRF/(2π ) = 23.31 kHz.

Since the EFG is averaged to zero in aqueous solution, the
intensity is similar to the “averaged” central-line intensities.
behavior versus the pulse duration is in agreement with si
lated curves in Figs. 3a and 3b corresponding toe2q Q/h = 0.
For the one-pulse sequence, the curve has a sine shape; f
composite-pulse sequence, the curve is bell-shaped. The p
duration given the highest signal is 21µs, which means tha
the RF pulse amplitude isωRF/(2π ) = 12 kHz. Figures 5a and
5b show two series of87Rb spectra of Pyrochlore RbNb2O5F
versus the pulse duration, acquired with the one-pulse
the composite-pulse sequences, respectively. The variatio
the averaged central-line intensities versus the pulse dura
is in agreement with the prediction. Indeed, the pulse du
tion (t1=10 µs) that maximizes the line intensity is near
half that determined with the aqueous solution (t1 = 21 µs).
Figure 6 shows the best fit of the experimental line intensitie
Fig. 5b with I = 3

2, ωRF/(2π ) = 13.53 kHz, η = 0, and
e2q Q/h = 324 kHz. The fit is not perfect; only half of th
experimental data are on the calculated curve. The RF pulse
plitude is higher than that of the experimental one by 1.53 k
Increasing the QCC value does not change the curve bec
the limit of strong QCC value is reached, strong relative to
value of the RF pulse amplitude. The QCC/ωRF ratio is 27; that
corresponding to Fig. 3b is 20. The lower limit for the QC
of 87Rb in this sample should be 324 kHz. A more accur
FIG. 9. Fit (solid line) of 23NaNO3 experimental line intensities (filled
squares) from Fig. 7 withI = 3

2 , e2q Q/h = 354 kHz,η= 0, andωRF/(2π ) =
23.37 kHz.
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FIG. 10. Fit (solid line) of 23NaNO2 experimental line intensities (filled
squares) from Fig. 8 withI = 3

2 , e2q Q/h = 995 kHz,η = 0, andωRF/(2π ) =
23.62 kHz.

determination of QCC should be obtained with a stronger
pulse amplitude using a smaller RF coil.

The above two examples illustrate well the two excitati
conditions: the nonselective excitation (Figs. 4a and 4b) and
selective excitation (Figs. 5a and 5b). The following two exa
ples (23Na in NaNO3 and NaNO2) with well-defined quadrupole
parameters allow us to test our fitting program. The RF pu
amplitude for 23Na, determined with the same methods
87Rb, is ωRF/(2π ) = 23.31 kHz. Figures 7 and 8 show th
variation of the23Na spectra of NaNO3 and NaNO2 with the
pulse duration acquired with the composite-pulse seque
Figure 9 shows the fit of the experimental line intensities
Fig. 7 with I = 3

2, ωRF/(2π ) = 23.37 kHz, η = 0, and
e2q Q/h = 354 kHz. Figure 10 shows the fit of the experimen
line intensities of Fig. 8 withI = 3

2, ωRF/(2π ) = 23.62 kHz,
η = 0, ande2q Q/h = 995 kHz. Due to the small size of th
samples compared to that of the RF coil, the RF magnetic fi
is homogeneous, resulting a good agreement between ex
mental and fit values ofωRF/(2π ) and ofe2q Q/h. The last two
examples show that our approach to determining the QCC
reliable and that our fitting program is efficient.

CONCLUSIONS

The powder averaged central-line intensity for the spinI = 3
2

system excited by the composite pulse for spurious sig
suppression has been investigated by taking into account
first-order quadrupole interaction during the RF pulses. T
simplicity of this sequence over the Hahn echo sequence
cancel the ringing signal is obvious: only one parameter (
pulse duration) must be optimized. For a featureless cen
lineshape, fitting the line intensity against the pulse durat
allows us to determine the QCC. This composite pulse is e
cient for determining weak QCC values, that is, the width
the featureless lineshape should be of few kilohertz. Our t

oretical results and most of our experimental ones deal w
η = 0 because the central line has a featureless shape
fact, we should consider a nonzero value forη to fit the ex-
TER DETERMINATION 15
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perimental line intensity. Our approach remains valid for
other half-integer quadrupole spins. Despite the fact that
sequence cancels the ringing signals with an acquisition
lay of the same order of magnitude as that for high gyrom
netic ratio nuclei, spectra with broad lines or short FIDs
still distorted by this acquisition delay. The spin-echo sho
be used to recover signals lost in the acquisition delay.
main drawback of this 1D nutation method is the restrict
to a single QCC determination. If this is not the case,
2D nutation method is recommended. Further progress
this sequence should include (i) the hetero and homonuc
magnetic dipole–dipole interactions, which provide atomic d
tances, (ii) the second-order quadrupole interaction in orde
obtain strong QCC values, and (iii) the effect of a nonz
asymmetry parameter on the line intensity. Finally, this
quence should be tested for the cancellation of piezoele
signals.
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