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The acquisition of nuclear quadrupole resonance (NQR) spectra with wideband uniform rate and smooth
truncation (WURST) pulses is investigated. 75As and 35Cl NQR spectra acquired with the WURST echo
sequence are compared to those acquired with standard Hahn-echo sequences and echo sequences which
employ composite refocusing pulses. The utility of WURST pulses for locating NQR resonances of
unknown frequency is investigated by monitoring the integrated intensity and signal to noise of 35Cl
and 75As NQR spectra acquired with transmitter offsets of several hundreds kilohertz from the resonance
frequencies. The WURST echo sequence is demonstrated to possess superior excitation bandwidths in
comparison to the pulse sequences which employ conventional monochromatic rectangular pulses.
The superior excitation bandwidths of the WURST pulses allows for differences in the characteristic
impedance of the receiving and excitation circuits of the spectrometer to be detected. Impedance mis-
matches have previously been reported by Marion and Desvaux [D.J.Y. Marion, H. Desvaux, J. Magn.
Reson. (2008) 193(1) 153–157] and Muller et al. [M. Nausner, J. Schlagnitweit, V. Smrecki, X. Yang, A. Jers-
chow, N. Muller, J. Magn. Reson. (2009) 198(1) 73–79]. In this regard, WURST pulse sequences may afford
an efficient new method for experimentally detecting impedance mismatches between receiving and
excitation circuits, allowing for the optimization of solids and solution NMR and NQR spectrometer sys-
tems. The use of the Carr–Purcell Meiboom–Gill (CPMG) pulse sequence for signal enhancement of NQR
spectra acquired with WURST pulses and conventional pulses is also investigated. Finally, the utility of
WURST pulses for the acquisition of wideline NQR spectra is demonstrated by acquiring part of the
63/65Cu NQR spectrum of CuCN.

� 2010 Elsevier Inc. All rights reserved.
1. Introduction

Nuclear quadrupole resonance (NQR) is often referred to as
‘zero-field NMR’ because it involves inducing and observing nucle-
ar spin state transitions in the absence of large static magnetic
fields [1–4]. The NQR phenomenon may be observed for quadrupo-
lar nuclei (I P 1) in environments which possess non-zero electric
field gradients (EFGs). EFGs arise from non-spherically symmetric
charge distributions (e.g., from surrounding atoms and bonds)
about a nucleus and are described by second-rank tensors which
are symmetric and traceless [3,4]. Diagonalization of the EFG ten-
sor yields three principal components (Vjj) which are ordered such
that |V11| 6 |V22| 6 |V33|. In turn, the diagonalized EFG tensor may
be described by two parameters, the quadrupolar coupling con-
stant (CQ = eV33Q/h) and the electric field gradient asymmetry
parameter [gQ = (V11 � V22)/V33]. In a pure NQR experiment, the
quadrupolar resonance frequencies (mQ) are determined by CQ
ll rights reserved.
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and gQ. For example, there is only one quadrupole resonance fre-
quency for an I = 3/2 nucleus which is given by the expression:

mQ ¼
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For higher spin nuclei, there are several NQR transitions with dis-
tinct values of mQ which can be related to CQ and gQ via different sets
of expressions [5].

The CQ and gQ values are dependent upon the spherical and ax-
ial symmetry, respectively, of the ground state electron distribu-
tion about the quadrupolar nucleus; therefore, knowledge of
these parameters can lend insight into the structure and symmetry
of the local nuclear environment. For these reasons, NQR spectros-
copy has found applications in a wide range of areas such as inor-
ganic chemistry, materials science and pharmaceuticals [6–15].
There is also much interest in the use of NQR for the detection of
explosives and illicit narcotics (14N NQR) [16–22]. NQR is particu-
larly useful when values of CQ are extremely large; in such cases,
NMR spectra of quadrupolar nuclei are broadened such that detec-
tion of an NMR signal can become untenable.
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In the past, frequency-swept continuous wave irradiation was
utilized for acquiring NQR spectra [1–4]. However, pulsed Fourier
transform techniques, such as the standard Hahn-echo sequence
[23] and quadrupolar echo sequences [24–26] (Fig. 1a), are now
the preferred methods for acquiring NQR spectra. Pulse sequences
such as the Carr–Purcell Meiboom–Gill (CPMG) sequence [27–29]
(Fig. 1b) have also been employed for signal enhancement
[30,31]. These sequences have enabled the acquisition of NQR
spectra of nuclei such as 14N, which typically possesses low reso-
nance frequencies and inherently low signal to noise (S/N)
[21,22,32,33]. It should also be noted that CPMG-type sequences
have found applications for the signal enhancement of solid-state
NMR spectra [34–38].

While these techniques are successful at increasing the S/N of
NQR spectra, there are several commonly encountered problems
in NQR spectroscopy. The CQ and gQ values are related to the sym-
metry of the atoms surrounding a nucleus and are characteristic of
the particular system under investigation. Therefore, for a given
quadrupolar nucleus, resonance frequencies of near 0 MHz to
1000’s of MHz are possible. The NQR experiment can be very oner-
ous due to this large range of resonance frequencies, and most of-
ten, the experimentalist must spend a great deal of time searching
for the NQR resonance(s). If the experimentalist has some prior
knowledge of the approximate values of the quadrupolar parame-
ters, the frequency search range may be reduced, and the experi-
mental time decreased. Such information is available from a
variety of sources, including previous NQR experiments on analo-
gous systems and from theoretically calculated quadrupolar
parameters (i.e., from first principles calculations). However, for
many systems, such information is either unavailable or unreliable
(i.e., no previous NQR data, absent/inaccurate molecular-level
structures, unreliable ab initio calculations, etc.).

Another commonly encountered problem in NQR spectroscopy
is the acquisition of spectra which are severely broadened due to
a distribution of resonance frequencies, which most often arise in
systems that are disordered at the atomic or molecular level. For
example, Taylor et al. have extensively studied arsenic-containing
glasses with 75As NQR and have found that the resonances of some
samples span several MHz in breadth, as opposed to resonances in
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Fig. 1. Schematic representations of the pulse sequences employed for the acquisition o
pulse. (b) QCPMG sequence with 90� excitation pulse and a train of 180� refocusing pulses
sequence with excitation and refocusing pulses with 90� pulses of equal length and swee
(Ref. [64]) was employed with only a single refocusing pulse and the first echo was acq
ordered solids which are typically several kHz in breadth [39–43].
The limited excitation bandwidths associated with standard, high-
power, rectangular pulses utilized in the Hahn-echo sequence
make it necessary to increment the transmitter frequency in order
to collect such broad NQR spectra [44]. Incrementing of the trans-
mitter frequency requires re-tuning and/or re-configuration of the
probe, which can be extremely time consuming. Automated NQR
systems capable of scanning a wide range of frequencies have been
developed to address this problem [45–49], though they are not
widely available. Both manual and automated experiments benefit
from broadband excitation pulses, which serve to reduce the num-
ber of frequency increments, and may aid in mapping out broad
distributions of quadrupolar frequencies. In this light, several
authors have discussed the development of echo sequences con-
structed from composite pulses which are capable of exciting
broad frequency ranges [50–54]. For example, the composite echo
sequence of Odin et al. is shown in Fig. 1c [54].

Recently, there has been much interest in broadband excitation
pulse sequences in solid-state NMR spectroscopy; in particular, the
application of frequency swept pulses seems to hold significant
promise. Bodenhausen et al. first demonstrated the application of
echo sequences employing frequency swept pulses for the acquisi-
tion of solution 1H NMR spectra [55]. Similar pulses have been em-
ployed for the excitation and signal enhancement of solid-state
NMR spectra of quadrupolar nuclei [56–58] and for broadband
decoupling and inversion in solution NMR experiments [59–62].
Recently, Bhattacharya and Frydman have demonstrated the appli-
cation of frequency swept (wideband uniform rate smooth trun-
cated, WURST) [61] pulses for the uniform excitation of wideline
solid-state NMR spectra of quadrupolar nuclei [63]. The WURST
pulse is applied at a fixed transmitter frequency, with the fre-
quency sweep achieved via simultaneous modulation of the pulse
amplitude and phase. WURST pulses differ from conventional rect-
angular pulses not only in their amplitude and phase modulation
over the duration of the pulse, but also because of their generally
lower power requirements and longer lengths (typically ca. 50 ls
to several ms). Our research group has recently introduced the
WURST–QCPMG pulse sequence (Fig. 1d) [64]. We have demon-
strated that this sequence is useful for acquiring high quality ul-
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tra-wideline NMR spectra of quadrupolar nuclei; this is due in part
to the large excitation bandwidths offered by the WURST pulses,
and in part to the increased S/N ratios afforded by the CPMG pro-
tocol [65].

Theoretical and experimental investigations have suggested
that shaped pulses suitable for NMR experiments can be readily
applied to NQR experiments [66]. For instance, frequency modu-
lated (FM) pulses have previously been applied in NQR experi-
ments by Schurrer and Pérez [67]; however, these FM pulses
possess a non-uniform ‘‘zipper”-like excitation profile limited to
distinct offset frequencies. Spectral ranges greater than 500 kHz
can routinely be uniformly excited with WURST pulses
[64,65,68], with excitation breadth limited by a combination of
the resonance frequency and probe bandwidth, suggesting that
WURST echo and WURST–QCPMG sequences may find use in
NQR experiments for a variety of quadrupolar nuclei.

Herein, we investigate the use of WURST echo and WURST–
QCPMG sequences for the acquisition of NQR spectra. The superior
excitation bandwidths of WURST pulse sequences may be helpful
in locating NQR resonances during the initial stages of NQR exper-
imentation on samples with unknown resonance frequencies. In
order to mimic the search for an NQR signal of unknown frequency,
spectra have been acquired with various transmitter offsets (of
several hundreds of kHz) from the resonance frequencies. The sig-
nals of the NQR spectra obtained with 90�–90� echo, 90�–180�
echo, Odin’s composite echo sequence [54], and WURST echo pulse
sequences are monitored as a function of transmitter offset fre-
quency. The use of the CPMG protocol for signal enhancement of
NQR spectra acquired with WURST pulses is investigated. The util-
ity of the WURST pulses for the acquisition of wideline NQR spectra
is also demonstrated. To this end, we have acquired a portion of the
wideline 63/65Cu NQR spectrum of copper(I) cyanide (CuCN), which
is a disordered solid possessing a wide distribution of 63/65Cu nu-
clear quadrupole resonances [69].
Table 1
Nuclear properties [70].

Isotope Nuclear
spin

Natural
abundance (%)

Quadrupole
moment (Q/fm2)

Magnetogyric ratio
(c/107 rad s�1 T�1)

35Cl 3/2 75.8 �8.2 2.624198
63Cu 3/2 69.2 �22.0 7.111789
65Cu 3/2 30.8 �20.4 7.604350
75As 3/2 100.0 31.4 4.596163
2. Experimental

All samples were purchased from Sigma–Aldrich Inc., and
packed into shortened 5 mm glass NMR tubes. All experiments
were performed on a Varian Chemagnetics triple resonance T3
MAS NMR probe with a 5 mm coil interfaced with a Varian Infini-
tyPlus console running Spinsight software. Radiofrequency field
strengths and pulse lengths were calibrated with on resonance
Bloch decay experiments on the respective powdered samples.
Note that we refer to the pulses which give maximum signal as
‘‘90� pulses”; however, since all experiments are performed on
powdered samples these actually correspond to pulse angles of
ca. 57.3� (1 radian) [54]. All ‘‘180�” pulses were double the length
of ‘‘90�” pulses. For all echo experiments, the interpulse delays, s1

and s2, were set such that the full echo was acquired. Hahn-echo
and QCPMG sequences employed sixteen-step phase cycles, while
the composite echo sequence employed an eight-step phase
cycle. The WURST–QCPMG sequence with N set equal to one was
used for all WURST echo experiments (Fig. 1d) and an eight-step
phase cycle was employed [63–65]. The required rf field strength
(in kHz) for the WURST pulse can be approximated by, mWURST =
A � R1/2(I + ½)�1, where R is the sweep rate which is equal to two
times the WURST offset in kHz (e.g., a WURST offset of
±1000 kHz corresponds to a sweep range of 2 MHz) divided by
the pulse length (in ms) [64]. A is a factor which ranges between
0.5 and 0.1 and is inversely proportional to the c of the nucleus
[64]. For all WURST experiments, the rf field strength of the pulse
(mWURST) was experimentally optimized, starting from the theoret-
ical value. The value of mWURST which gave maximum S/N was uti-
lized. In all cases, WURST-80 pulse shapes were used with pulse
lengths of 50 ls [61]. The WURST pulses were constructed from
900 individual pulse elements (ca. 55.6 ns in length) whose phases
and amplitudes were varied to attain the desired waveform. The
minimum pulse element length of the InfinityPlus waveform tool
is 50 ns. The value of s1 for WURST experiments was set according
to the formula s1 = 0.5 � (sWURST + sacq), where sWURST and sacq are
the WURST pulse length and acquisition time of each echo, respec-
tively. Spectral widths of 2 MHz, 1 MHz and 2.5 MHz were em-
ployed for 35Cl, 63/65Cu, and 75As NQR, respectively. A spectral
width of 200 kHz was employed for the point-by-point 63/65Cu
NQR spectrum. Recycle delays of 0.2 s, 0.4 s and 0.08 s were em-
ployed for 35Cl, 75As and 63/65Cu NQR experiments, respectively. Re-
cycle delays were experimentally optimized on each sample to
ensure complete longitudinal relaxation of the magnetization
was obtained. All other relevant experimental parameters are
listed in the Supporting information (Tables S1–S3). CAUTION:
due to the lengths of the WURST pulses and the short recycle de-
lays typical of NQR experiments, the duty cycle of the probe should
be carefully monitored. All spectra were processed by applying
three zero fills followed by Fourier transformation. For all echo
spectra the full echo was acquired and Fourier transformed and
the spectrum was then magnitude calculated. The S/N and inte-
grated intensity (II) were measured with the default algorithms
in the Spinsight software package. The S/N corresponds to the ratio
of the peak intensity of the resonance divided by the average
absolute intensity of the baseline regions. The baseline regions
on either side of the NQR resonance were employed for S/N mea-
surements. WURST–QCPMG pulse sequences for Varian (Infinity-
Plus–Spinsight) and Bruker (Avance–TopSpin) spectrometers are
available from the authors upon request.

3. Results and discussion

35Cl, 63/65Cu and 75As were chosen for this work due to their
high natural abundances and relatively high quadrupolar frequen-
cies (between 34 and 116 MHz) in a variety of structural motifs.
The relevant nuclear properties are listed in Table 1 [70]. All of
the samples discussed herein have previously been characterized
by NQR spectroscopy.

3.1. 75As NQR

75As NQR spectra of As2O3 (arsenolite phase) were previously ac-
quired by Taylor over a range of temperatures [71]. We observed a
resonance at 116.234 MHz at 294 K which is close to the frequency
of 116.222 MHz (300 K) reported by Taylor. In order to mimic the
initial stages of NQR experiments on a sample with unknown reso-
nance frequencies (i.e., searching a large frequency range for a
single quadrupolar resonance frequency), 75As NQR spectra have
been acquired at variable transmitter offset frequencies. The trans-
mitter frequency was incremented in steps of 100 kHz for frequen-
cies close to the NQR frequency, while a larger increment of
200 kHz was employed for offsets of 600 kHz and above. At each
transmitter frequency the probe was tuned and 75As NQR spectra
were then acquired with the four different pulse sequences (spectra
are pictured in Fig. S1 for on resonance irradiation). The integrated



0

50

100

150

200

250

300

-1500 -1000 -500 0 500 1000 1500

Transmitter Offset (kHz)

In
te

gr
at

ed
 In

te
ns

ity

90º-180º Echo
90º-90º Echo
Composite Echo
WURST Echo

Fig. 2. Integrated intensity of the 75As NQR spectra of As2O3 (arsenolite) as a
function of transmitter offset from the resonance frequency for the 90�–180� echo,
90�–90� echo, composite echo and WURST echo pulse sequences. For each
transmitter offset the probe was tuned using reflected power measurements
available in Spinsight, followed by acquisition of the spectra with the four pulse
sequences. For clarity the intensity points have been connected by lines for the 90�–
180� echo and WURST echo spectra.

A.J. Rossini et al. / Journal of Magnetic Resonance 206 (2010) 32–40 35
intensity (II) of the NQR spectra as a function of transmitter offset is
shown in Fig. 2 (numerical values of S/N and II of the spectra are
listed in Table S4).

Before the effects of transmitter offsets are reviewed it is impor-
tant to discuss the factors which will influence the II and S/N of the
NQR spectra acquired with the transmitter on resonance (e.g., the
intensity points in Fig. 2 with 0 kHz transmitter offsets). The main
factor which affects the II and S/N of all spectra acquired with echo
pulse sequences is the length of time between the excitation and
the refocusing pulses, during which transverse relaxation (T2) of
the magnetization occurs (i.e., the s1 time period in the echo se-
quences, Fig. 1). The s1 values listed in supporting information
are those that were input into the pulse sequences on the spec-
trometer. These values are corrected within the pulse sequence
programs and do not describe the total time for which the signal
is allowed to dephase after the excitation pulse. For this reason,
we will refer to the total dephasing time period as sd. Values of
sd employed for experiments are also listed in the supporting
information.

In the case of the echo sequences employing conventional pulse
sequences, sd will be close in value to s1 due to the relatively short
pulse widths of conventional refocusing pulses. However, the
WURST echo sequence utilizes pulse widths which are much long-
er than conventional pulses (i.e., 50 ls). Subsequently, significantly
more transverse relaxation occurs from the time a particular fre-
quency isochromat is excited by a WURST pulse to the time it is
refocused by the next WURST pulse, in comparison to conventional
echo sequences. For these reasons the s1 values are corrected with-
in the pulse sequence to account for lengths of the WURST pulses
and for the WURST echo sequence and sd = s1 + s2. The S/N and II of
the 90�–180� echo sequences and WURST echo sequences with
various sd times are listed in Table S5. The value of sd dramatically
affects the II and S/N of the 90�–180� echo and WURST echo spectra
due to the relatively short T2(75As) value for As2O3 at room temper-
ature. For example, NQR spectra acquired with the 90�–180� echo
sequence using sd values of 145.7 ls and 78.35 ls, yield II values of
286 and 443, respectively. It should be noted that if sd is too short,
it is not possible to acquire the full echo, and this truncation leads
to lineshape and baseline distortions, making it difficult to obtain
meaningful II and S/N measurements. For these reasons, we set
sd for all echo experiments such that the full echo was acquired
and the values of sd are approximately equal.

There are several key observations that can be made from Fig. 2.
First, we will consider the case where the transmitter is on reso-
nance or close to the resonance frequency (less than a 100 kHz off-
set). It is clear that NQR spectra acquired with the 90�–180� echo
and composite echo sequences possess higher II (II > 280) and S/N
(S/N > 1200) than those acquired with the WURST echo sequence
(II = 186, S/N = 871). For the WURST spectra acquired on resonance
we tested the effects of the rf field of the WURST pulse on the II and
S/N of NQR spectra. Experiments conducted with variable WURST
pulse widths (and different experimentally optimized rf field
strengths) show no appreciable variation in II (Table S6). We there-
fore attribute the reduced II and S/N of the WURST echo to the fact
that the refocusing pulse is acting as a 90� pulse since it is the same
length and power as the initial pulse (e.g., the II and S/N of the
WURST echo sequence are similar to the 90�–90� echo sequence).

In order to try and improve the S/N of the WURST echo spectra
we have attempted to implement a 90�–180� WURST echo se-
quence. Bhattacharya and Frydman previously outlined several ap-
proaches for obtaining a WURST 180� (p) refocusing pulse for
solid-state NMR of quadrupolar nuclei [63] The first approach is
to employ a WURST p-pulse which sweeps over the range of fre-
quencies at double the rate of the excitation pulse (Rref = 2Rexc).
This can be accomplished in two ways: (1) by employing a WURST
p-pulse which is half the time length of the excitation pulse (sexc =
2sref) and sweeps over the same frequency range, or, (2) by
employing a WURST refocusing pulse which is identical in length
to the excitation pulse (sexc = sref), but sweeps over double the fre-
quency range. They found that the optimal rf field for the refocus-
ing WURST p-pulse (mref) was ca. 4.7 times higher than that of the
excitation pulse (mexc), [63] while we found experimentally opti-
mized mref values which were ca. 1.5–1.7 times higher than mexc

(Table S7). In both cases, our ‘‘90�–180�” WURST echo spectra are
similar to the corresponding 90�–90� WURST echo spectra in terms
of S/N and II (Table S7). A second approach for obtaining a WURST
p-pulse is to utilize a refocusing pulse of the same length (sexc =
sref) and same sweep rate (Rref = Rexc); however, mref is set to ca.
3.2 times larger than mexc. In this case, we found that maximum sig-
nal is obtained when mexc � mref (identical to a 90�–90� WURST echo
spectrum), consistent with our previous results obtained from the
solid-state NMR spectra of quadrupolar nuclei [64]. It is worth not-
ing that the WURST pulses employed herein are much shorter (less
than 100 ls) than those employed by Bhattacharya and Frydman
(ca. 1–2 ms), and hence, the pulses may be operating in different
adiabatic regimes (this may account for the differences in ratios
of mref:mexc between our experiments and Frydman’s experiments).
It may be possible to obtain WURST p-pulses by employing longer
pulse widths, however, this would necessitate the use of much
longer echo delays and result in NQR spectra with lower S/N.

At relatively large transmitter offsets (i.e., 200 kHz and greater)
the WURST echo sequence affords higher II and S/N NQR spectra
than those acquired with conventional echo sequences. For in-
stance, with WURST pulses, NQR spectra with II > 48 are observed
for transmitter offsets as large as 1000 kHz. Clearly, the WURST
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pulses offer superior excitation bandwidths in comparison to the
conventional rectangular pulses. Considering these observations,
a strategy for the observation of NQR resonances of unknown fre-
quencies emerges. The frequency range of interest can be surveyed
with a WURST echo or WURST–QCPMG sequence using large trans-
mitter offset increments. In this case, transmitter increments of ca.
2000 kHz could be reasonably employed with the WURST echo se-
quence in the search for an NQR resonance of unknown frequency,
while the composite echo sequence would be limited to transmit-
ter increments of ca. 800 kHz. Once the approximate frequency of
the NQR resonance is identified, the transmitter could be set to the
resonance frequency and a high quality spectrum could then be ob-
tained with a conventional sequence.

Another important observation is the distinct asymmetry in the
peak intensities in Fig. 2. For all of the pulse sequences, higher
intensities are observed for spectra acquired with positive trans-
mitter offsets in comparison to those acquired with negative trans-
mitter offsets of the same magnitude. This asymmetry is
particularly pronounced for the WURST echo spectra. For example,
for the WURST echo spectrum acquired at an offset of +300 kHz,
II = 212, while at an offset of �300 kHz, II = 134. Additionally, the
WURST echo NQR spectra unexpectedly possess higher II when
the transmitter is +300 kHz from resonance (II = 212), rather than
when the transmitter is on resonance (II = 186).

What is the origin of this asymmetry in II and S/N for equally
spaced transmitter offsets of opposite sign? Initially, we thought
this asymmetry may be due to the sweep direction of WURST
pulses. Given the lengths of the WURST pulses (50 ls) and the fact
that the pulse is linearly swept across the specified frequency
range, it is possible that transverse relaxation (T2) of the resonance
may occur if the resonance is excited near the start of the first
WURST pulse waveform; however, when a pulse with opposite
sweep direction was applied, spectra with an identical intensity
profile were obtained (not shown). Our research group has previ-
ously observed similar asymmetries in 14N WURST–QCPMG NMR
spectra, which were found to result from frequency sweep induced
population transfers [68]. However, this is very unlikely, given that
there are only two quantized energy levels, and that this asymme-
try is observed in spectra using WURST pulses with opposite sweep
directions. Both of these mechanisms are unlikely, given that this
asymmetry in intensities is observed for all of the other pulse se-
quences, although, the asymmetry is not as pronounced as for
the WURST echo spectra.

Therefore, we attribute the asymmetry in Fig. 2 to a difference
in the characteristic impedance values of the excitation circuit
and receiver circuit of the spectrometer (which we refer to as an
‘‘impedance mismatch”). This phenomenon has recently been re-
ported by Marion and Desvaux [72] and Muller et al. [73]. In both
manuscripts, the authors describe the observation of an impedance
mismatch via the acquisition of spin-noise NMR spectra. It was
found the S/N of the spin-noise NMR spectra improved when the
probe was detuned (as indicated by standard tuning protocols).
This is because the standard tuning procedures available with most
commercial spectrometers result in tuning of the probe such that it
is optimized for excitation (e.g., matched and tuned to the ampli-
fier circuit), rather than for receiving of signals [72,73]. These
impedance mismatches are readily detected in spin-noise NMR
spectra, because they require no excitation pulses and their S/N
and phases are only dependent upon impedance matching the
probe to the receiver.

In our work the probe was coarsely tuned by observing an
impedance–frequency response curve (e.g., a ‘wobble’ curve) and
fine tuned by minimizing the level of reflected power. This method
optimizes the tuning of the probe for excitation only. Fig. 2 indi-
cates that there is an approximate difference of 300 kHz between
the optimal receiver and excitation tuning of the probe, which is
consistent with the frequency differences of several hundred kilo-
hertz observed by Desvaux and Muller et al. [72,73]. In order to
confirm that there was an impedance mismatch, the probe was
tuned in the usual manner to 116.534 MHz, which is 300 kHz high-
er than the resonance frequency. The transmitter frequency was
then placed on resonance (116.234 MHz), and spectra with the five
different pulse sequences were acquired. This yielded spectra with
higher II and S/N, except for the spectrum acquired with 90�–90�
echo sequence (Fig. 3, spectra are shown in Fig. S2). Finally, addi-
tional experiments were conducted which involved re-calibration
of the pulse widths to account for the de-tuning of the probe
(the 90� pulse width increases from 1.6 ls to 2.1 ls). These exper-
iments yield S/N and II values which are between 1.3 and 1.4 times
larger than those obtained when the probe is tuned to the trans-
mitter frequency (i.e., on resonance). These gains are observed
for all of the pulse sequences (compare first data set to last data
set for each pulse sequence in Fig. 3).

We have also investigated the influence of the receiver gain set-
ting on the II and S/N values when the probe is optimized for exci-
tation (tuned on resonance) and when the probe is optimized for
reception (tuned +300 kHz off resonance) and re-calibrated pulse
widths are employed (Table S8). The II is observed to steadily in-
crease with the receiver gain level, while the S/N ratio remains
constant. Marion and Desvaux have observed that at higher recei-
ver gain settings, the S/N ratio of solution 1H NMR spectra is pro-
gressively lowered and balances the gains in signal (II), due to
uniform digitization of the probe noise at higher receiver gain set-
tings [72]. However, they also point out that if the pre-amplifier
noise level is significant, then it is expected that tuning the probe
to the receiver optimum will always lead to improved S/N ratios
[72]. This suggests that in our system, the pre-amplifier is the
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predominant noise source, as we observe improved S/N ratios
when the probe is tuned to the receiver optimum for a range of re-
ceiver gain settings.

The superior excitation bandwidths of the WURST pulses enable
experiments which allow for the detection of impedance mis-
matches between reception and excitation pathways, even when
the differences are on the order of several 100 kHz. WURST echo
spectra could be acquired with variable offsets and the II or S/N
can be plotted in a manner similar to that presented herein to de-
tect the optimal receiver tuning. Marion and Desvaux have demon-
strated that this mismatch can be eliminated by altering the
impedance of the amplifier pathway by changing the lengths of
transmission cables [72]. In the future, we intend to utilize the
WURST echo sequence in order to better impedance match our
reception and excitation pathways. This approach should be appli-
cable to NQR, as well as solution and solids NMR experiments, and
would be much faster than acquiring spin-noise NMR spectra. It
would also be possible to detect impedance mismatches by moni-
toring the S/N of a spectrum acquired with conventional pulses
while the transmitter is placed on resonance and the probe tuning
frequency is varied. However, if there is a large impedance mis-
match, the pulse widths of the conventional pulses will increase
due to reflection of power by the probe [72]. This necessitates time
consuming pulse width calibrations for each probe tuning incre-
ment. Therefore, WURST pulses should be better suited to detect
impedance mismatches.

3.2. Signal enhancement with the CPMG protocol

Marino and Klainer first demonstrated in 1977 that the CPMG
pulse sequence affords large S/N gains in NQR [31]. CPMG-type se-
quences are now frequently employed in order to enhance the sig-
nal of unreceptive NQR nuclei such as 14N [18,21,22,30]. For these
reasons, the S/N of 75As NQR spectra acquired with the QCPMG [35]
and WURST–QCPMG sequences [64]. (Fig. 1) are compared to the
corresponding single echo sequences. In order to obtain ‘‘spike-
let-free” spectra, the spin echoes obtained from the 75As QCPMG
and WURST–QCPMG FIDs were summed into a single time domain
echo [74]. These single time domain echoes were then Fourier
transformed to produce spectra which are similar in appearance
to conventional echo spectra [74]. The QCPMG and WURST–
QCPMG spectra are compared to echo spectra in Fig. S3 and II
and S/N measurements are shown in Table 2. The QCPMG spectra
are of higher II and S/N than the WURST–QCPMG when the number
of echoes (MG loops) and echo size is the same. This is consistent
with the II and S/N observed for the corresponding echo sequences.

While the T2(75As) and T1(75As) time constants are relatively
short for As2O3 at room temperature it is possible to acquire multi-
ple echoes for ca. 4.5 ms. It can be readily seen that the acquisition
Table 2
Integrated intensity and signal to noise of single echo and QCPMG 75As NQR spectra.

Echo size sacq (ls) MG Loops (N)a WURST–QCPMGb QCPMGc

II S/N II S/N

512 204.8 1 186 871 286 2506
512 204.8 8 624 2064 904 3293
256 102.4 24 2294 4700 3834 5741
d140 56.0 80 5227 4117 9172 5427

a This is the number of refocusing pulses and echoes that were acquired. For the
case of MG Loops = 1 the II and S/N from the 90�–180� echo and WURST echo
spectra were used.

b For all WURST–QCPMG experiments s2 = 20 ls. s1 can be determined using the
formula given in the Experimental section.

c For all QCPMG experiments s2 = 30 ls and s3 = s4 = 20 ls.
d Small echo sizes lead to truncation of the individual echoes in the time domain.

This causes lineshape and baseline distortions leading to skewed II and S/N values.
of multiple echoes yields significant improvements in II and S/N of
the NQR spectra. For example the acquisition of 8 MG loops leads
to ca. threefold increase in the II values for both the WURST–
QCPMG and QCPMG pulse sequences, in comparison to the
corresponding single echo experiments. As expected for CPMG
experiments, the largest signal enhancements are obtained when
a large number of tightly spaced echoes are acquired. When the
echo size is 256 points and 24 echoes are acquired the II is ob-
served to increase by factors of 12.3 and 13.4 for WURST–QCPMG
and QCPMG, respectively. Acquisition of 80 echoes (with each echo
consisting of 140 points) leads to gains in the II by factors of 28 and
32 for the WURST–QCPMG and QCPMG sequences, respectively
(last entries, Table 2). However, it should be noted that when the
echo size is small, truncation of the individual echoes results in
broadening of the NQR resonances as well as baseline distortions
(Fig. S3), rendering the measured II and S/N values unreliable.
Clearly, the CPMG protocol can be used to enhance the signal of
NQR spectra acquired with WURST pulses. The WURST–QCPMG se-
quence can provide significant signal enhancement and should
make WURST pulses more competitive with conventional pulses,
while still retaining their larger excitation bandwidths.
3.3. 35Cl NQR

A series of experiments similar to that described above has been
conducted for the acquisition of 35Cl NQR spectra of 4-chloropyri-
dine. This was done in order to test the use of WURST pulses for the
acquisition of spectra of a less receptive NQR nucleus and the per-
formance of the sequence at a lower resonance frequency. The 35Cl
NQR spectrum of 4-chloropyridine at a temperature of 77 K was
acquired by Bray et al. and a resonance at 34.789 MHz was ob-
served [75]. We observed a resonance at 35.352 MHz at a temper-
ature of 294 K. In Fig. 4, the II of the 35Cl NQR spectra as a function
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Fig. 4. Integrated intensity of the 35Cl NQR spectra of 4-chloropyridine as a function
of transmitter offset from the resonance frequency for the 90�–180� echo, 90�–90�
echo, composite echo and WURST echo. For each transmitter offset the probe was
tuned using reflected power measurements available in Spinsight. Spectra with the
four pulse sequences were then acquired. For clarity the intensity points have been
connected by lines for the 90�–180� echo and WURST echo spectra.
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of transmitter offset is shown (II and S/N values given in Table S9)
for the four different pulse sequences. Spectra acquired with the
four pulse sequences and the transmitter on resonance are pic-
tured in Fig. S4. This sample possesses a relatively long T�2(35Cl),
and hence, a fairly long sd value (ca. 275 ls) is required to acquire
the full echo.

From Fig. 4 it is once again clear that conventional echo pulse
sequences provide superior S/N in comparison to the WURST se-
quence for spectra acquired with small transmitter frequency off-
sets (less than 100 kHz). At large frequency offsets (150 kHz and
higher) the WURST pulses are much more efficient. 35Cl NQR spec-
tra of II and S/N of 18 and 13, respectively, may be observed with
WURST pulses at transmitter offsets as large as 600 kHz. Therefore,
in an NQR experiment involving the search for an unknown quad-
rupolar resonance of a similar frequency to this, it would be possi-
ble to use 1.2 MHz transmitter increments to locate the resonance,
as opposed to ca. 600 kHz with conventional echoes, effectively
reducing the total number of experiments by a factor of two.

The 35Cl NQR configuration of the spectrometer components
once again displays an impedance mismatch between the excita-
tion and receiving pathways. In this case the receiving optimum
is located at ca. �200 kHz from the excitation optimum as indi-
cated in Fig. 4. The II was measured for the peaks in the 35Cl NQR
spectra acquired with the probe tuned on resonance
(35.352 MHz) and tuned �200 kHz off resonance (35.152 MHz),
with the transmitter fixed on resonance in both cases (Fig. 5). II
and S/N increases of ca. 1.6 are observed when the probe is tuned
to �200 kHz from the resonance frequency and the pulse widths
are re-calibrated. These gains in II and S/N are once again relatively
constant for a variety of receiver gain settings (Table S10).
Although there is a smaller frequency difference between the
receiving and the excitation optimum for the 35Cl NQR probe con-
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Fig. 5. Integrated intensity of the 35Cl NQR spectra of 4-chloropyridine acquired
when the probe has been tuned on resonance (35.352 MHz), tuned �200 kHz off
resonance (35.152 MHz) and when the probe is tuned �200 kHz off resonance and
the pulse widths have been re-calibrated. The transmitter was set to the resonant
frequency (35.352 MHz) in all cases. Spectra were acquired with the four different
pulse sequences. When the probe is tuned �200 kHz off resonance and re-
calibrated pulses are employed, the II of the NQR spectra is 1.64–1.67 times larger.
figuration, the drop off in S/N is more severe than that observed for
the 75As NQR spectra. We attribute this to the decreased band-
width of the probe for the 35Cl NQR configuration (vide infra).
3.4. Factors limiting the excitation bandwidth of WURST pulses

While the WURST pulses display impressive excitation band-
widths, it is worthwhile to consider the factors which limit them.
For example, 35Cl and 75As NQR experiments employed WURST
pulses with a sweep range of ±1000 kHz and ±1400 kHz, respec-
tively, while resonances with offsets larger than 600 kHz and
1200 kHz, respectively, possess very low S/N. In these cases, the
bandwidth and quality factor (Q-factor) of the probe are the main
limitations on the apparent excitation bandwidth of the WURST
pulses. The Q-factor of the probe determines the power profile of
the probe, which affects both the efficiency of excitation pulses
as well as the detection of signal(s).

Muller et al. have suggested that the Q-factor of the probe can
be approximated by dividing the resonance frequency (mQ) by the
FWHH measured from the inflection of the wobble curve [73].
For the 35Cl NQR configuration of the probe (35.346 MHz) a FWHH
value of approximately 350 kHz was observed in the wobble curve
giving a Q-factor of approximately 101 (Fig. S6). For the 75As NQR
probe configuration (116.234 MHz) a FWHH value of approxi-
mately 600 kHz was observed in the wobble curve giving a Q-fac-
tor of approximately 194. The large probe bandwidth of the 75As
NQR experiments enables resonances to be detected at offsets lar-
ger than ±1000 kHz, whereas the smaller probe bandwidth in the
35Cl configuration limits detection of signals to offsets of ca.
±600 kHz. For a given resonance frequency lower Q values will lead
to larger probe bandwidths; however, the signal is also propor-
tional to the Q-factor of the probe [76]. For nuclei such as 75As
and 35Cl which are highly abundant and typically possess high res-
onance frequencies (and high S/N), it may be worthwhile to at-
tempt experiments with lower Q-factor probes. This could afford
larger excitation and detection bandwidths at the expense of lower
S/N. Aside from limitations imposed by the probe, the required
power for the WURST pulses also increases with increasing sweep
width, necessitating the use of high-powers and/or longer pulses.
Large sweep widths and/or long pulse lengths may lead to unac-
ceptably high transmitter duty cycles, although sweep widths of
±1.5 MHz can be safely achieved for almost all nuclei with 50 ls
WURST pulses.
3.5. Acquisition of wideline NQR spectra

Systems such as amorphous glasses [10], semiconductors [43],
polymers [2] and high temperature superconductors [9,11,15] pos-
sess varying degrees of disorder at the atomic level which results in
distributions in CQ and gQ. This in turn gives rise to distributions of
NQR frequencies and correspondingly broad NQR spectra. Two
methods for acquiring wideline NQR spectra are commonly em-
ployed. The traditional method involves stepping the transmitter
frequency in evenly spaced increments and acquiring a spin-echo
at each frequency (we will refer to this as the ‘‘point-by-point”
method) [43]. The echo intensities are then plotted as a function
of transmitter frequency and used to construct the NQR spectrum.
The second approach is similar to the first approach in that spin-
echoes are acquired at evenly spaced transmitter increments; how-
ever, each echo is Fourier transformed and then co-added in the
frequency domain to form the total spectrum [44,77]. Wideline so-
lid-state NMR spectra are frequently acquired in this manner as
well [78,79]. This method is advantageous because it enables sharp
spectral features to be detected while requiring fewer transmitter
offsets than the point-by-point method. The superior excitation
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bandwidths of the WURST pulses should make them ideal for
acquiring wideline NQR spectra in a similar manner.

In order to investigate the utility of WURST pulses for the acqui-
sition of wideline NQR spectra, we have acquired a portion of the
63/65Cu NQR spectrum of copper(I) cyanide. The 63/65Cu NQR spec-
trum of CuCN consists of four broad peaks (FWHH > 400 kHz) sep-
arated by several MHz with some of the peaks containing
overlapping 65Cu and 63Cu resonances from distinct chemical envi-
ronments [69]. We have acquired the approximately 1 MHz broad
63/65Cu resonance centered at 37.9 MHz (Fig. 6). The QCPMG se-
quence was used to acquire a point-by-point spectrum (Fig. 6a)
by summing the echoes in the QCMPG echo train in the time do-
main [74]. The resultant echo was then magnitude calculated
and the II was measured and plotted as a function of transmitter
frequency. Echo intensities were measured at 15 transmitter offset
frequencies, with 4000 scans per sub-spectrum (0.08 s recycle de-
lay) and a total experimental time of 1.3 h. The asymmetric shape
of the point-by-point spectrum is consistent with the previously
reported spectrum [69].

The QCPMG and WURST–QCPMG spectra are shown in Fig. 6b
and c, respectively. Both spectra were formed by Fourier trans-
forming the individual sub-spectra and co-adding them in the fre-
quency domain. Spikelet spectra and echo spectra are shown for
both pulse sequences. Spikelet spectra were obtained by directly
Fourier transforming the train of echoes from the CPMG spectra.
Echo spectra were obtained from the QCPMG spectra in the man-
ner described in the ‘‘Signal enhancement with the CPMG protocol”
section. A transmitter increment of 120 kHz was employed for the
QCPMG sequence (90� pulses of 0.7 ls); while a transmitter incre-
ment of 250 kHz was employed with the WURST–QCPMG
sequence (±1000 kHz sweep ranges). This enabled the WURST–
QCPMG spectrum to be acquired with only six sub-spectra while
38.50 38.00 37.50 MHz

a

b

c

Fig. 6. Wideline 63/65Cu NQR spectrum of the broad resonance of CuCN centered
around 37.9 MHz. (a) ‘‘Point-by-point” spectrum (see text for details) acquired with
the QCPMG pulse sequence and low power pulses (10 ls 90� pulse). A transmitter
increment of 120 kHz was employed and 15 echoes were acquired (1.3 h total
acquisition time). (b) QCPMG spikelet spectrum and echo spectrum formed from
time domain co-addition of the echoes. A transmitter increment of 120 kHz and
high-power 90� pulses (0.7 ls) were employed. Twelve sub-spectra were required
to form the total pattern (1.3 h total acquisition time). (c) WURST–QCPMG spikelet
spectrum and echo spectrum formed from time domain co-addition of the echoes. A
transmitter increment of 250 kHz was employed and six sub-spectra were required
to form the total pattern (0.8 h total acquisition time).
the QCPMG spectrum required 12 sub-spectra to form the total
pattern. However, the lower S/N of the WURST spectra required
that 6000 scans be acquired for each sub-spectrum, while only
4800 scans were required with the QCPMG sequence to obtain
similar S/N ratios. It can also be seen that the spikelet and echo ver-
sions of the QCPMG and WURST–QCPMG spectra provide an excel-
lent overall match with the shape of the point-by-point spectrum,
indicating that accurate lineshapes can be obtained with either se-
quence [80]. However, despite the lower S/N of the WURST–
QCPMG spectra the pattern could be acquired in a total time of
0.8 h, while 1.3 h of time were required for the QCPMG sequence.
This also does not include the additional time required for the
spectrometer operator to step the transmitter frequency and re-
tune the probe. WURST–QCPMG is clearly the most efficient meth-
od for acquiring broad NQR spectra. It should also be noted that
due to the high c of the 63/65Cu nuclei, only ca. 100 W of input
power were required for the WURST pulses, compared to ca.
750 W of input power utilized for the QCPMG spectra.
4. Conclusions and future outlook

WURST echo and WURST–QCPMG experiments possess several
advantages in comparison to standard pulsed experiments for the
acquisition of NQR spectra. The large uniform excitation band-
widths of the WURST pulses should enable NQR signals of un-
known frequency to be located in a more efficient manner than
conventional pulsed NQR experiments. The broadband excitation
of the WURST pulses makes them useful for samples which possess
broad distributions of NQR frequencies, as evidenced by acquisi-
tion of 63/65Cu NQR spectra of CuCN. WURST pulses could also
potentially be useful for examining samples containing multiple
sites which possess disparate NQR frequencies that cannot be uni-
formly excited by conventional pulse techniques. However, WURST
pulses are not ideally suited for samples which possess very short
transverse relaxation times (T2) and/or nuclei which possess inher-
ently low signal spectra due to low resonance frequency and/or
low natural abundance. Clearly, spectra acquired with WURST
pulses are of lower S/N than those acquired with conventional echo
sequences; therefore WURST experiments may be limited to nuclei
which are highly receptive to NQR experiments. Impedance mis-
matches between receiving and excitation pathways within NQR
and NMR spectrometer systems can also be readily detected with
WURST pulse sequences. This may afford a straightforward method
for optimizing the performance of a variety of NQR and NMR spec-
trometers. This is especially important for NMR or NQR experi-
ments performed on unreceptive nuclei where it is desirable to
maximize inherently weak signals.

While this work has been limited to I = 3/2 nuclei, it is antici-
pated that WURST pulses may be useful for higher spin nuclei
(e.g., I = 1, 2, 5/2, etc.); however, due to scaling of the pulse widths,
the higher spin nuclei possess inherently shorter 90� pulse widths
with large excitation bandwidths. Pre-polarization schemes where
the sample is shuttled in and out of high field magnets should also
be compatible with WURST pulses. The large excitation band-
widths afforded by the WURST pulses in combination with their
low power requirements may also make them attractive for porta-
ble NQR systems where small power supplies are desirable and/or
for experiments conducted with large-diameter sample coils.
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