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This work presents a numerical approach to optimizing se-
quences with composite pulses for the pure NQR of a spin | = 32
powder sample. The calculations are based on a formalism devel-
oped in a previous paper, which allows a fast powder-averaging
procedure to be implemented. The framework of the Cayley-Klein
matrices to describe space rotations by 2 x 2 unitary and uni-
modular complex matrices is used to calculate the pulse propagators.
The object of such a study is to design a high-performance echo
sequence composed of a single preparation pulse and a three-pulse
composite transfer pulse. We mean a sequence leading to a large
excitation bandwidth with a good signal-to-noise ratio, a flat ex-
citation profile near the irradiation frequency, and a good linearity
of the phase as a function of frequency offset. Such a composite
echo sequence is intended to give a better excitation profile than
the classical Hahn (0)-7—(20) echo sequence. It is argued that in
pure NQR of a powder sample, the sequence must be optimized as
a whole since both the excitation and the reception of the signal
depend on the relative orientation of the crystallites with respect to
the coil axis. To our knowledge, this is the first time such a global
approach is presented. An extensive numerical study of the com-
posite echo sequence described above is performed in this article.
The key of the discrimination between the sequences lies in using
the first five reduced moments of the excitation profile as well as
an estimator of the phase linearity. Based on such information, we
suggest that the echo sequence that best fulfills our criterion is
(1)—7m(0.35)0(2.1) ,(0.35),, the pulse angles wket, being in radians.
The subscripts are the relative pulse phases. We outlined the way
to implement the spin echo mapping method to reconstruct large
spectra with this sequence, and it is shown that it reduces the
acquisition time by a factor of 1.7 if compared to the classical
Hahn echo. Some other broadband echo sequences are also briefly
discussed. We also study the effect of a small delay between the
pulses of the composite pulse to take into account the experimen-
tal constraint imposed by the spectrometer. To be complete, we
give an estimation of the performances of the Hahn echo, the
stimulated echo, and the composite echo sequence optimized for a
powder sample when applied to a monocrystal. Experiments per-
formed on chloranil at ambient temperature confirm the predicted
excitation profiles. © 2000 Academic Press

Key Words: NQR; composite pulses; excitation bandwidth; pow-
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I. INTRODUCTION

More and more domains in physics are busy with sample
presenting a broad distribution of quadrupolar interaction
(glasses, incommensurate structures, high-temperature suy
conductors, alloys, etc.), which make necessary the acquisiti
of large spectra. In this article, we are mainly interested i
designing an echo pulse sequence which allows a broad and
excitation profile near the irradiation frequency, with gooc
phase linearity as a function of the frequency offset, in order t
acquire large spectra for the pure NQR of spir 3 powder
samples. We propose an echo sequence using a three-p
composite transfer pulse, which reduces the reconstructi
time of large spectra by a factor of 1.7 if compared to the us
of a classical Hahn echo sequence.

A composite pulse is a sequence of pulses ideally placed si
by side and combined in a way to give the same result as
equivalent single pulse of given length and phase. These co
posite pulses are supposed to compensate the “imperfectiol
occurring with single pulses, such as radiofrequency spati
inhomogeneities and finite bandwidth excitatidl). (In gen-
eral, the compensation of all existing imperfections could nc
be achieved simultaneously and, obviously, only the final rest
the experimenter wants to obtain decides which imperfection
the most important to be compensated. Usually, the designer
composite pulses has to find a compromise between sensitivi
excitation bandwidth, linearity of the phase with respect to th
frequency offset, and an excitation profile as flat as possib
around the excitation frequency to minimize the deformation c
the spectrum. Broadband excitation by composite pulses ha
been the subject of lots of studies, mainly in NMR-§), but
to our knowledge, only a few applications concerned NQF
(6-9.

We have a double reason for presenting a new analysis
composite pulses in NQR. First, most composite sequenc
were designed to optimize the conversion efficiency of sc
called “w/2” or “#" pulses. But thew pulses were usually
optimized to create a population inversibn=> —1I,. Such
pulses can be used, for instance, for inversion-recovery
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measurements. However, such optimizedomposite pulses bilities are mainly limited by the equilibration time of the spin
are not suitable for an echo sequence, because the secorgystem under the RF irradiation (the so-callggltime) and by
pulse must transform a coherence of order +1 intop = experimental problems such as coil arcing and heating ai
—1: 1, = |_. The second reason is more fundamentgbower drop off. Therefore, only “short” (as compared to the
Although NMR composite sequences may also be efficient fomescales of the phenomena discussed above) compo:s
some experiments in pure NQR of a single crystal (at least fpulses are usually experimentally accessible. Thus, we limite
a spinl = 3), the analysis leading to their formimtvalid for our investigations to an echo sequence with a single prepal
a powder sample in NQR. Simply because in pure NQR oft@n pulse and a transfer compositgoulse composed of three
powder sample, the nutation angles and the reception ampliises. We will neglect all the experimental imperfections the
tude have an intrinsic angular dependence, even with an idealuld not exist if one were using an ideal spectrometer of finit
coil giving no spatial radiofrequency inhomogeneities. Morgower, a perfect coil and resonant circuit, etc.
precisely, the nutation angle and reception amplitude are mod-This article is divided as follows. After a brief presentation
ulated by a function depending on the polar angles of the coil the analogy between the theory of pure NQR of dpia 3
axis with respect to the principal axis of the electric fieldnd high-field NMR of an isolated spin, we calculate the tim
gradient at the nucleus. This angular dependence is relate@évolution of the density operator using the formalism of Cay
the irradiation frequency mismatch. As both “imperfectionsley—Klein matrices to handle the product of three-dimension:
operate together, they must be treated simultaneously. Thexations (Section Il). Then, we present the main results of
fore, even with an ideal experimental setup, one has to déalite force computer simulation which optimizes the compo:s
with an inherent distribution of excitation/reception sensitivityife echo sequence built with a single preparation pulse and
which averages the signal. As a consequence of this powtlansfer compositer pulse composed of three separated pulse
average, the sequence must be optimiasda whole.One (Section lll). The performances of the most efficient composit
cannot use the simpleminded approach of building new secho sequences are compared to those obtained with a tv
quences by combining already optimized composite pulspslse Hahn echo sequence and a three-pulse stimulated e
because the powder average needs to be done over the wkelguence. The simulated excitation profiles are validated |
sequence. A similar analysis is also valid for the NMR afxperimental data coming from experiments performed o
powder samples when the pulses cannot be considered “hartloranil at ambient temperature (Section 1V). An estimatiol
anymore, because an orientation-dependent term appears iroththe performance of the sequences optimized for powd
pulse propagator. samples is also given when they are applied to a monocrys
To our knowledge, such a global analysis of an echo sgection V). The last section (Section VI) is devoted to ai
quence has not been performed yet, and the object of thigplementation of the spin echo mapping procedure to reco
article is to propose a numerical approach in the case ofstauct large spectralQ) with the optimized composite echo

“Hahn” echo sequence for pure NQR of spin= 3. sequence derived in Section Il
Since the aim of this work is to achieve the acquisition of a
large spectrum in a single run, our criteria will favor the Il. THEORY

flatness of the excitation profile near the irradiation frequency o ]

and the linearity of the phase as a function of the frequency ThiS section is devoted to a brief account of the gener:
offset. Obviously, the price to be paid for these advantages'@&tures of a formalism C_ieve'gped in a previous artitt fo

a loss of sensitivity. The calculation of the composite puldt@ndle pure NQR of spih = 3, and to present the Cayley—
response can be performed with the Magnus expansion te@?',” formalism used in the computer S|mglat|ons. Other for
niques @). On the one hand, such techniques are appealifftp/isms can be found ig-19. The theory is then applied to
because they give analytical results which lead to a betf8f classical Hahn echo sequence (HE§)£-(26) (Fig. 1a),
insight into the way to design broadband composite pul& the stimulated echo sequence (SE&)£-(0)-7'~(9) (Fig.
sequences. But on the other hand, these techniques usubl}y @nd to the composite echo sequence (CES) composed
become useless at large frequency offsets because the peR{fiParation pulse of fixed angle, a mixing delayand a
bation approach breaks down. It is also clear that the powdgfocusing compositer pulse (CPP) composed itself of
average cannot be performed analytically in general, thus I¢8ree different pulses side by side or separated by a sh
ing most of the interest of having explicit expressions. Féfee evolution period of known duratiorfd)—r—(6:)(62)(6s)

these reasons, we decided to concentrate our efforts orFig. 1c). ] )
numerical approach. The Cartesian representation of the pure quadrupolar part

Almost infinite possibilities of pulse combinations are alth® Hamiltonian of a spih = 3 nucleus of quadrupole moment
lowed to obtain an equivalent compositgulse. It was shown Mo is
in NMR that long composite pulses lead to a better compen-
sation of the imperfections. However, because composite H :1eMQVZZ{3|2_15+n(|2 n |2)} [1]
pulses are much longer than usual single pulses, these possi- 16 2 o4 20
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a ECHO It was shown elsewherd 1) that the operator formalism to
tPp 2tp handle pure NQR of spih = £ could be reduced to the same
T T /\ formalism used in the case of the high-field NMR of an isolate
> single spin subjected to an off-resonance RF irradiatiol
+l Within this framework, the secular part of the NQR Hamilto-
o e \ . ) - e .,
N AN nian during a pulse is in the “rotating frame
b U ECHO H = AwQ, + 2Awgdc09{)Q, + siN({)Q,}, [4]
tp tp tp /\
T T .
where the pulse phaseés= { — 3.
‘ol >t The angular facton = A(6, ¢) is a function of the polar
0 ) N\ angles which specify the orientation of the coil with respect t
i AN the PAS of the EFG
C At At 1
ECHO MO, P) = —F=
tp0 tle tp2 Htp3 . 2a \*/3
’ T
L X \[4n*cos’(0) + sin*(0)[9 + n* + 67 cod24)], [5]
> ¢
+1
e ——
0 wherea = V1 + 1°/3.
1 o~ mn

The normalized operato®,, fulfill the same commutation
FIG. 1. Pulse sequences with their coherence pathways. (a) Classipalations as the Cartesian spin operators

Hahn echo sequence (HES); (b) stimulated echo sequence (SES); (c) compos-

ite echo sequence (CSE) with a transfer pulse composed of three pulses. In the

ideal sequence, the delayr between the pulses is zero. For a real sequence, [Qx Qy] =iQ, and cyclic permutations [6]
this delay is imposed by the spectrometer electronics.
TrQ.Qpl =8, fora=x,y, z [7]
where . .
Therefore, usual transformation rules6(-19 can be applied
V= Vyy to calculate the time evolution of the density operator, becau
n= V,, [2]  the HamiltonianH is time independent.

In the high-temperature approximation, the initial conditior

is the asymmetry parameter=0n = 1if |V,,| = |V,,| = |V,J. can be taken as

The Cartesian spin operator§,{ |, |,} are quantified in the

principal axis system (PAS) of the electric field gradient (EFG) p(0) = Q,~ peg [8]
tensorV,,; = (9°V/dadB) at the nucleus under study, tze
axis bging oriented along the direct_ion of the highegt Eige\?vherep is the density operator in the rotating frame. All
value in absolute value. In the following, the Hamiltonians are

. . ; calculations can then be performed by developing the dens
expressed in units of angular frequenci#s=( 1). We neglect operator on the Liouville space spanned by the bagis, {Q
all other contributions to the Hamiltonian, such as dipol S,

interactions or a residual Zeeman interaction. fai:}t:org(:))ei: rctsl(ltz)lﬁstteg er(ft<))I(Igozw::1 rt_h(;)(cgo_r;etrr;?]cdelffzrtehr\:\t/a
When a linearly polarized radiofrequency field (RF) of pha g y g P Y

. . A is shows that the time evolution of the density operator i
¢ irradiates the sample, one has to add the RF Hamiltddign _. . . . . y op
oo similar to combining three-dimensional rotations. A simple an
to the quadrupolar Hamiltonian,

fast method for evaluating the amplitude associated with tt
coherence pathways is given below.
When a single site of given orientation with respect to th

) . coil is considered, a quadrature detection setup will give tr
wherewge = yB,/2, vy is the magnitude of the nuclear gyro signal

magnetic ratio, andv is the excitation angular frequency.

Vectors are noted in bold letters:= 1,i + I,j + Ik, where

i, j, k are the unit vectors of the PAS. The coil axis is directed S(t, A) = 2ATrH{Q.p(D)}, [0
along the unit vecton whose coordinates are {si#)Cos@),

sin(®)sin(¢), cosP)} in the PAS of the EFG. with p(t) the density operator at timein the rotating frame.

Hre = 2wgecog ot + @)1 - n, (3]
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The powder average of signg(t, A) is then with

. {azAB*Q++A*BQ,+(AA* — BB*)Q, [15]
S(t) = (S(t, \)) = g(A)S(t, A)dA, [10] B = A%Q. - B*Q. — 2ABQ, :

/\mln
The interpretation of this transformation is straightforward: the
pulse sequence described by CK mattxtransforms initial

whereg(A) is the probability density of variablg. The prob- ; o .
operatorQ, into operatorx and initial operatoR . into 8. The

ability densityg(A) depends on the asymmetry parameier ; s i i
and was calculated analytically in). To be complete, the amplltudes assomate.d with the coherence transfers are direc
analytical expression aj(A) is given in the Appendix. Evi- 9iven by the factors in front of the operatorQ{, Q-, Q.}.

dently, the powder average can also be performed in the ustal msiance, starting with the initial zero-quantum coher
way by considering that all angles, (¢) are distributed ran- €NCEP = 0, the amplitudes associated with coherence tran

domly, but the calculations are much slower than the suggesfetf 2P = 0, —1, 1 are respectivelyAA* — BB*), A*B,
method. andAB*.

A way of calculating the combination of rotations is the !N otherwords, how a pulse sequence of resulting CK matr

formalism of the Cayley—Klein (CK) matricedg—22. Instead U {ransforms the initial equilibrium stajg(0) = Q. is simply

of using real 3x 3 matrices belonging to group SO(3), rota matter of calculating products of2 2 matrices. However,
itojp faster to calculate the matrices corresponding to son

tions through an arbitrary set of Eulerian angles are represen'lte

by 2 X 2 unitary complex matrices with determinant unity"0UPS Of pulses (a single pulse, a free evolution period,
(group SU(2)). Such a formalism can be applied to calculatd"9€ pulse followed by a free evolution period, a composit
the time evolution of the density operator. pulse, etc.), and to combine the resulting amplitudes by fo

Let us define a matrix of operatop$ and a matrix of lowing the _coherence path'way(ss).
complex numbers) as Concerning the pure spih= 3 NQR, the propagator of a

single pulse of duratiot, and phasep is written as

Qz Qx + IQ ) < Qz Q+ ) : i
X = < . Y| = 11 a —ibe'¢
Q-iQ, - )=\Q o) 0OU U=(ipa o ) [26]
A B . .
where the * denotes the complex conjugate and théhe {a = cogv/2) — i sin(v/2)sin(u) 17
hermitic conjugate. b = coqu)sin(v/2) :

The CK matrix U is the propagator of a pulse sequence
P.P,...P., whereP; represents either a pulse or a fre&lote that the phase of the pulse is present only on the diagor
evolution period.U is the product of the corresponding CKof matrix U and thatb is a real number. The other parameter:
matricesU = U,U,...U, in the same orderto allow the are
right pulse phase propagation. Such matrices will be described

below. 2\ 0re
Note that the product of two CK matricés,U, is again a cogu) =
CK matrix U with parameters o [18]
sin(u) = —
* we
A - A1A2 - Ble
{B = AB, + B,A% (131 here
Then, straightforward iterative procedures permit the calcula- wl=w?+ 4\ 2w
tion of every general product of CK matrices. _ V= od,= 0 x*+ 4\?
After a pulse sequence of resulting CK mattdx matrix X ® : [19]
representing the set of operatoi@{, Q _, Q,} is transformed X=—

into the matrix of operatorX’ as @RE
v is the effective nutation angle of the pulse, axds the

X' = UXU* = ( a+ B ) [14] reduced frequency offset. Below, the expression “pulse angl

B® —a will refer to 6 = wget,. As a rule of thumb, the angle that
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maximizes the response to a single pulse in a powder sampldifferent moments to reduce the amount of information t
Oy =~ 1 rad. handle. The centered moments of the excitation prdfi(e)
The case of free evolution is particularly simple since  are defined as

Q= g ibet2
o 20] f
Mo = | M(x)dx [24]
Let us calculate the echo amplitude after the usual HES. It
uses coherence pathway-9 +1 — —1, that is, transfers of ] xM(x)dx
coherence of ordeAp = +1 and —2. The resulting echo Ko™ M, [25]

amplitude is then

_J (x= py)"M(x)dx

: Mn forn= 2. [26]
HES or CES echo amplitude (Aayb,B?) [21] Mo

with a, andb, the CK parameters of the first pulse aBdhe \yq 5150 need the reduced third and fourth moments:
CK parameter of the matrix representing either a single or a

composite refocusing pulse.B is calculated from the product
of three CK matrices for an ideal composite pulse or from the W3

product of five CK matrices when a free evolution period is s = () %2 [27]
inserted in between the pulses.

Concerning the SES echo amplitude, we obtained from the i Ma (wa)? 1 28]
transfers of coherence of ordAp = +1, —1, and—1 T (w)? (mp)® T

; _ *
SES echo amplitude: (Aagbo(—28400)abo).  [22] M, is the integrated intensity of the signal over the observe

frequency rangew, is the center of gravity: a departure from
zero shows that the excitation is not maximum at the irradiatic
frequency. The square root of the second momemgives an
estimation of the width of the excitation band (it is obviously
e standard deviation of the excitation profile). The reduce
third momentr, measures the skewness of the excitatiol
Béofile. A large negative value of would correspond to a long
g in the excitation profile below the center of gravity and ¢

All pulses have the same duration.

I11. COMPUTER SIMULATIONS

This section introduces the main ingredients we used
carry out the numerical optimization of a serie of (CES).
First of all, we chose some criterion to characterize the pul

sequence excitation profile. Since we are interested in a laf : )
ore compressed profile above the center of gravity.

and flat excitation profile, as well as good phase linearity, The reduced fourth moment, i h criterion f
possible key of the discrimination between the sequences lies "'~ "~~~ ; gives a rough criterion for
in using the first five reduced moments of the excitation profiégf;{g'onnatg‘r% fﬁgt"\:?fn iano?r?é?]r \?vglmhgszl f:rzmugif;rc])zal
as well as an estimator of the phase linearity. ) o ' ST .
We denote the complex excitation profééter powder av- tbheha}wor, whereas "f“.< 1 thg be_hawor 'ZS b'mOdfl' Notice
erageby at for a pure Gaussu’m profilg,, = 3(u,)” andr, = 2. As
an example, let us consider a prof¥g x) = g.,(Xx) + g_(X)
which is the sum of two normalized Gaussians of a sam
second reduced momept: g.(X) ~ exp[—(x * a)*/2u,].
For such a simple example, = 2[1 — 1/(1 + w./a®?’]
varies in the range 0 to 2. The predicted bimodal behavior fc
r, < 1 or unimodal behavior for, > 1 can be checked by
searching the zeros of the first derivativeM{ x). A straight-
X = o forward calculation shows that the resulting profile is unimodz
R if a®> < u, or bimodal ifa®> > w,. This simple example shows
that the criterion is only indicative. For an even profilé x),
The producM(x)dx can be interpreted as the probability of , could also be related to a measure of the flattening out of tt
exciting the ensemble of nucleus whose reduced frequenciesclieve near the origin. The smaller it is, the flatter the profile
in the range k, x + dx]. Thus, it turns out that the simplest As an estimation of the linearity of the phase with respect t
simpleminded way to discriminate between the different s&equency offset, we used the mean square of the seco
quences is to characterize the excitation profilex) by its derivative of the phase with respect to the frequency offset:

S.(X) = M(x)e’s™. [23]

M(X) is the excitation profile an&(x) is the phase distortion
as a function of the reduced frequency offset
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d2S(x)72 tion of the excitation profiles of the sequences selected by tl
P, ~ j [dz] dx. [29] computer was used to select the best one. The HE$-{-
X (26y) served as a reference. The reduced moments of the HI

areMy~ 1.6,u, =r; =0, u, = 2.02, and', ~ 4.66. The
It should be close to zero when the phase is nearly linearrmain lobe is almost Gaussian, but the contribution of the tw
frequency offset. symmetrical secondary lobes appearing in the frequency ran

Since the formalism developed above drastically reduces ttensidered is not negligible. This explains the discrepanc
simulation time, we could perform a brute force simulation dfetween the above-quoted reduced moments and the one
the powder-averaged CES by varying the pulse angles of eqgtted for a pure Gaussian profile.
pulse of the composite sequence for a given phase cycle. Thé is interesting to compare the histograms of the numeric:
observed reduced frequency range was set&o —5.5; 5.5], characteristics (the meav,, the square root of the second
a range large enough to cover at least two secondary lolmesment\/ u,, the skewness,, and the reduced fourth mo
around the main one. Moreover, it saves computing time. mentr,) of the excitation profile for different phase cycles of

To be specific, we chose to fix the preparation pulse anglette compositer pulse (Fig. 2). Among the nine possibilities of
0w = 1 rad, the pulse angle value which would give thphase cycles, we remarked that some phase cycles gave
maximum signal after a single-pulse experiment on a powdsmme distribution of the even moments, and thus could
sample. A smaller angle would increase the bandwidth excigrouped by pairs. This is why only five different sets of dat:
tion, but at the expense of the signal-to-noise ratio. Evidentlgre presented in Fig. 2, the {& 0} phase cycle being a
the first pulse angle should also be varied in a general analysésticular case. One should note that the phase behavior w
which seeks for sequences covering a very large spectral easpect to frequency offset may be completely different withi
citation. But we considered that fixing the first pulse length ta pair of phase cycles for given pulse lengths. Since tf
the value which gives the highest signal-to-noise ratio was distribution of skewness of one sequence of the pair is alwa
interesting starting point. the mirror image of the other sequence of the pair, only one

The choice of the angle step for the pulses of the CPP wstsown.
dictated by three considerations. First, the angle step must bés indicated by Fig. 2, the {Gr 0} phase cycle gives the
small enough to cover correctly all the possible cases innadest mean intensity and second moment distribution. More
reasonable computing time; second, it is no use considering tmaer, whatever the pulse lengths, the excitation profile is syn
small steps since we do not expect abrupt variation of theetric around the excitation frequency. An interesting propert
properties of a sequence with respect to the pulse anglekthe phase cycle {Gr 0} is that the phase is almost linear with
Moreover, we should also be able to discriminate between tliequency offset when the first and third pulse of the CPP hay
different sequences. Third, the experience showed that, witlam equal length. For a crystal (or for spins= 3), it is rather
power of wge/27m = 13 kHz, a pulse length step less thap8 easy to prove that if the first and third pulse have the san
has little influence on the results. We found that a goamhgle, then the linearity of the phase with respect to th
compromise is a step &6 ~ 0.25 rad, the allowed maximumfrequency offset is good. Our simulations show that the san
angle value of each pulse being set to 3.5 rad (maximuronclusion is also valid after powder average, although th
composite pulse length of 120 ws). This choice leads to aresult was not evident a priori.
total of (14f = 2744 possibilities for each phase sequence toAll the other phase cycles seem to give a bad overall pha
be calculated. If one needs faster simulations, one can oblghavior as a function of frequency offset. Usually, the rang
consider 10 step\p ~ 0.35 rad; 1000 possibilities) instead ofof phase linearity is very narrow. The most serious drawbac
14, thus reducing the calculation time by a factordgf.7. We comes from the fact that the phase is usually an even functit
checked that such a resolution is sufficient to select the usefiglar the excitation frequency, making the use of a linear pha
composite echo sequences. correction impossible.

We also limited the pulse phases to the values/, 7, and As a conclusion, our simulations indicate that the phas
3m/2. Although this choice was primarily dictated by simpliceycle {0 7 0} is the most suitable for giving a phasable
ity and time saving, it is worth noticing that such phase valuspectrum and a large excitation range. The best CES in o
permit the generation of ideal composite pulse sequences (wihinion is described below.
no delay between the pulses) when the spectrometer is

equipped with an adapted electronics. Since only the relative IV. SIMULATED AND EXPERIMENTAL

phases of the different pulses of the composite pulse are EXCITATION PROFEILES

relevant, nine different phase cycles must be considered for

each set of pulse lengths. This section focuses on the properties of the best CE

The sequences were selected by using correlation betwsefected from the simulation procedures described in Sectit
the first five reduced moments of the excitation profile and thk, as compared to the HESH()——(20,) and to the SES
estimatomp, for phase linearity. At last, a direct visual inspec(6,)—m—(0)—-7"—(6y), wheref,, = 1 rad. Such sequences are
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FIG. 2. Histograms of the numerical characteristics of the excitation profile of different CES. The thick vertical bar represents the corresponding v
the HES. The integration range is §.5; 5.5]. The columns from left to right present the histogram®lgf\/ ., rs, andr,. Each line corresponds to a given
phase cycle: (a) {ar 0}; (b) {0 7 @/2} or {0 = 3w/2}; (c) {0 7/2 O} or {0 37/2 0}; (d) {0 #/2 =} or {0 37/2 7r}; and (e) {0 #/2 3m/2} or {0 37/2 =/2}. When
two phase cycles are indicated, only one skewness is represented for the sake of clarity since the skewness of one sequence is the mirror ineagmef th
versus the origin.

optimized for a powder sample. The simulations are theoughly ~400 kHz, no correction was applied to the data t
compared to experimental data obtained with chloranil at artake into account the apparatus bandwidth. The RF power w
bient temperature. wgd2m = 13 kHz.

The chloranil powder (Aldrich) was used without purifica- All spectra were acquired with quadrature detection an
tion. It presents two™Cl lines ( = 2) around 36.855 and were Fourier transformed after truncation of dead-time poin
36.785 MHz, depending on temperature, with asymmetry pand zero filling. The intensities of the signals were compare
rametern =~ 0.2. The linewidth at half-height is a few kilo- by considering a “single-run experiment.” In the simulations, i
hertz, and is mainly of inhomogeneous nature. The expeis- easy since the right coherence pathways could be impl
ments were performed on a Bruker ASX 300 at ambientented directly. For a real experiment, by a “single-run expe
temperature. The probe full bandwidth at half-height beingnent” we mean the accumulation of FIDs with the minimum
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phase cycle allowing the chosen coherence pathways to k&8 - y T y
selected. For instance, all sequences could be implemented| @

with a 16 phase cycling procedure (by stepsmt®). In order %8
to check the efficiency of the linear phase correction, th&
experimental data were taken from the height of the peaks t@)t4'
were positive and almost symmetric after the phasing proce;,

dure and compared to the modulus of the simulated excitation el e
profile. o A L -
We have seen that an ideal compositpulse is composed ~ —° = =2 # L Veqeny - o4 °®

of three different pulses placed side by side with no delay
between them. However, it was impossible to realize such an b
ideal sequence with our spectrometer because the phase of each
pulse is ill defined when the interpulse delay is set to zero. We £
found that the minimum time required to set correctly the pulse i;
phase was Jus. Therefore, our real “composite pulse” is

composed of three pulses separated by a delay @$.3This < l
delay introduces an inherent dephasing which strongly depends | whwhks. A
on the frequency offset. For instance, a frequency offset= Arbirary Unis

20 kHz and a dephasing time of 8 give a phase shift of
~0.38 rad, which cannot be neglected. However, such an effect
could be easily incorporated into the simulation programs. c
We stress that our simulations need only one parameter, the
spectrum intensity acquired at resonance with a HES. All the 5
other parameters are known or could be measured. It shouldg
also be remembered that the simulations do not take into"§
account the sources of imperfections coming from the spec-
trometer and the probe.
As already stated, we took as a reference the HE3— Arbitrary Units
(20,"") be(?ause itis the eCho, sequence Wlt,h the_beSt_ Slgnal_tOIEIG. 3. Simulated and experimental excitation profiles of the Hahn (HES
noise ratio. The cost of having a “good” signal is evidently gnq stimulated (SES) echo sequences. (a) Experimental amplitudes: (*) Hl
small excitation bandwidth: in reduced frequency units, the fulhd ¢+) SES (reduced frequency offset= w/wg:) and wg/27 = 13 kHz);
width at half-height isAx,,, ~ 2.5. A disadvantage of this simulated excitation profiles: solid and dashed lines. (b) and (c) Real part of t
sequence is the rather small radius of curvature of the excip4ased spectra for respectively the HES (b) and the SES (c). The frequer
. . . - - . .. step between two spikes is 4 kHz. Note that the experimental spectra are |
tion profile near the maximum, giving a rapid signal intensity up with (@),
decrease. As opposed to the HES, the SEQ-G—(0y)—1'—
(hy) excitation bandwidth is twice as large as that of the HES,
at the expense of a signal amplitude divided by 2. The simu-
lated excitation profiles and experimental results appear in Figrtunately almost merge into a single broad peak. Two se
3. The simulated phase is almost linear with frequency offsetndary lobes of nonnegligible intensity are also visible in th
(not shown), as confirmed by the experimental spectra whifrlequency range of study.
could be correctly phased over the whole frequency offsetConcerning the nonideal CPP, the main effect of the inte
range (Fig. 3b and Fig. 3c). pulse delay is to make the two maxima of the modulus mor
Among the different CESs with alternating phasess0], pronounced, and to slightly reduce the excitation bandwidtl
we found that the best spectral excitation was given by a CFRis modulation of the excitation profile may be a majol
composed of the following pulse angles in radiansy,3)} drawback in the study of spectra patterns. We found that th
(0.35),(2.1).(0.35), (see Fig. 4)Compared to a classical HES,modulation could be partly reduced by increasing the middl
the excitation bandwidth is enlarged with only a slight decreapelse angle (with our experimental conditions, we used
in intensity (maximum intensity of 0.5 instead of 0.6: Fig. 4aR.2-rad pulse instead of 2.1 rad), at the expense of anott
Thus, the signal-to-noise ratio remains good. Moreover, teeall reduction of the excitation bandwidth. Note that the
phase shift has almost the same behavior as the HES, allowjiigise behavior is almost not affected by the interpulse delz
a linear correction of the spectrum (Fig. 4b). Another interestthereas the secondary lobe’s intensity increases.
ing feature of the ideal CPP is that the excitation amplitude isThe experimental data (Fig. 4c) and the simulations ar
almost constant withilMx = =1 around the excitation fre- compared in Fig. 4a. The agreement is correct if the interpul
quency. In fact, the central lobe has two maxima, whicdttelay is taken into account in the simulations, although th

ts
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V. SINGLE-CRYSTAL VERSUS POWDER-AVERAGED
EXCITATION BANDWIDTH

In the previous sections, we optimized the excitation banc
width of the sequences for a powder sample. However, it |
also interesting to evaluate the performance of these sequen
on a single crystal.

For a single crystal, the signal is a function of the value o
the angular factoh imposed by the asymmetry parameter anc
the relative orientation of the coil with respect to the PAS. Thi
range of the values of depends on the asymmetry parametel
but it can be easily shown that® A = 1. ForA = 0, the signal
is zero, so we performed the single-crystal simulations startir
atA = 0.1.

In order to draw a comparison between the different se
quences, we chose to restrict the study to the main lobe of t
excitation profile, in contrast to the approach of the previou

_8 L L L L . L 1 L L

-5 -4 -3 -2 -1 0 1 2 3 4 5
Reduced Frequency

Arbitrary Units
Modulus

Arbitrary Units

FIG. 4. Simulated and experimental excitation profiles of the optimized ¢ g

three-pulse composite echo sequence;—~1)0.35)(2.1),(0.35). (a) (*) Ex-
perimental data (reduced frequency offset w/wge) andwgd/27m = 13 kHz). 06k
The lines represent different simulations: dashed line, sequence with an ideal
compositer pulse; dash-dot line, sequence with a “real” compositpulse =
where the interpulse delay is8; and solid line, HES. (b) Phase (in radians)3 4
of the different sequences. (c) Phased experimental spectra. Note that this
spectrum is not aligned with (a). The frequency step between two spikes is 42
kHz.

0
-5

modulation of the excitation profile near the excitation fre- %8
quency is not perfectly reproduced. However, we see that the
modulation is less pronounced in the experimental data thgﬁ'e'
predicted by the theory. =P

In view of these results, the composite echo sequenge (1¥
7—(0.35)(2.1),(0.35), may be a good alternative to a HES if o2t
one needs a good signal-to-noise ratio.

Besides the problem of having a large excitation bandwidth 95 :

which is as flat as possible and whose phase shift is linear in

-4 -3 -2 -1 0 1 2 3 4 5
Reduced Frequency

frequency, a crucial prOble.m in purg NQR is to find the i 5, Broadband excitation profiles of different CES. The thin line is the
resonance frequency of a given nuclei. In that case, the phasstation profile of the HES. Dashed line, no delay between pulses; dash-c

is not a problem since the modulus contains enough inforniige, delay of 3us. (a) (1)~7—(3.14)(1.4)(3.5), the phase is almost constant

tion to find the signal. Therefore, one looks for a sequen

the range 2.5 2.5]; (*) experimental data (reduced frequency offset
olwge) and wp/27 = 13 kHz); (b) (1)—7—(2.44)(3.5),(2.44), the phase is

giving a good signal-to-noise ratio with a large excitatioQmost linear in frequency offset; (c) (Lr—(2.44)(1.4).(0.35), the phase is
bandwidth. Some sequences are proposed in Fig. 5. ill behaved.
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FIG. 6. Comparison of the modulus of the excitation profiles of a single

crystal and a powder. (a) SES; (b) CESy3)-(0.35)(2.1),(0.35),. Solid line,
powder average witly = 0.5; dashed line\ = 0.4; dash-dot line\ = 1. The
composite pulse was supposed ideal.
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These trends are the best quantified by the variation of tt
standard deviation and the reduced fourth moment of the me
lobe for different values oA for a single crystal, as presented
in Fig. 7. The stimulated echo sequence SES strongly deper
on the value, whereas the HES and CES weakly vary with
Moreover, the deviation from the powder-averaged value |
less than~16%. Therefore, the SES is only efficient on a
powder when one is interested in a large and flat excitatic
profile around the irradiation frequency. In contrast to the SE!
the optimized CES seems relatively insensitive to the value
A, and is thus also expected to give good results on a sing
crystal.

VI. RECONSTRUCTING A LARGE SPECTRUM
WITH A CES

The spin echo mapping method developed by Bussandri a

Zuriaga (L0) for reconstructing large spectra can also be im
plemented with a CES. The principle of the method is to us

2.5 T T T T T T T T T

2]

Xm o m X e X e

Standard Deviation

1k

0.5 1 L L L L L L L L
o} 0.1 0.2 0.3 0.4 0.5 0.6
Lambda

sections where we used a common frequency range that could
also include secondary lobes. The moments of the excitation1 .
profile were calculated on the following range of reduced -
frequency: [-3; 3] for the CES (19~7—(0.35)(2.1).(0.35),,

[—2.5; 2.5] for the HES, and-{5; 5] for the SES. Since the -
excitation profile is an even function of the frequency, th%f5
standard deviation and the reduced fourth moment are suffi-14
cient to give a characterization of the excitation bandwidth3 1.3

w

The powder average uses = 0.5, because the asymmetryzg .

1.6

parameter has a negligible effect on the values of the momenﬁ% L
Figure 6 compares the variation of the modulus of thé& Bl

excitation profile as a function of frequency offset for two
different values ofA with the powder-averaged signal. Evi-
dently, the signal amplitude is a fast decreasing function. of
Although not shown, it is worth noting that the phase is always

0.8

1.7F

0

0.1 02 0.3 0.4 0.5

Lambda

0.6

07

more linear with respect to the frequency offset for a powderFIG. 7. Standard deviation and reduced fourth moment of the main lobe ¢

than for a single crystal. The discrepancy between a sin Iné

crystal and a powder-averaged signal is the strongest for

excitation profile of the HES, SES, and CES for different values of th
ular factor. The horizontal lines result from a powder average witk
.5 (a) Standard deviation. (b) Reduced fourth moment. Solid line and *, HE!

SES: the excitation profile becomes bimodal at high valuggshed line anet, SES; dash-dot line and, CES (1)—r—(0.35)(2.1),(0.35).

of A.

The composite pulse was supposed ideal.
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08— - - - - y - - - frequency step idx = 2.5 for the HES whereas it i&Ax =
4.4 for the optimized CES. As shown in Figs. 8a and 8c, th
excitation profile resulting from the addition of different CES
spectra is not as flat as the one obtained with the HES, but t
departure from a constant profile remains small and is suff
s . : s " cient for reconstructing large spectra. Note that the phase

0t Rdcedfrequenyy | ° 8 almost constant with respect to the frequency offset in the ma
- - - T excitation range.

Thus, the use of the CES to reconstruct large spectra reduc
the experimental time by a factor ef1.7 if compared to the
HES, and gives almost the same signal-to-noise ratio.

Modulus
<
o~

Phase in Radians

VII. CONCLUSION

-8 -6 -4 -2 0 2 4 6 8
Reduced Frequency

T This article focused on the conceiving of an echo sequen
composed of a single preparation pulse and a composite tra

| fer pulse made of three pulses, which would give a large ar
fA K \ flat excitation profile around the excitation frequency, as we

Modulus
o
o

-0.5 L L
) 1 as a good phase linearity with respect to the frequency offse

: — s —— : s For the first time, an echo sequence optimized to compens:
-8 -6 -4 -2 0 2 4 8 8 . . . .
Reduced Fraquency off-resonance effects as well as the intrinsic pulse angle di
05— T T - - - T - T tribution in spin pure NQR of powder samples is presented
We emphasized the fact that, in NQR of a powder sampl
. the echo sequence must be optimiasda wholebecause both

the excitation and the reception are angular dependent. T
calculations rely on the framework of the Cayley—Klein ma:

s s - . . s L . trices to handle space rotations, which we adapted to calculz
-8 -6 -4 -2 0 2 4 6 8 . . . . .

Reduced Frequency the time evolution of the density matrix in the rotating frame
Combined with a fast powder-averaging procedure describ

FIG. 8. Spectrum reconstruction by adding different spectra acquired a}sewhere 1), it permitted a numerical approach to optimiz-
different irradiation frequencies. (a) and (b) HES, irradiation frequencie% 1P pp p

X, at 0 and+2.5; (c) and (d) CES (3)7—(0.35)(2.1),(0.35), irradiation 1N the excitation profile. o
frequenciesx,, at 0 and+4.4. In (a) and (c), the dashed line is the The sequences were distinguished by the use of the first fi

excitation profile at irradiation frequency 0. The spectra were phasedduced moments of the excitation profile as well as an es
independently pefore summ_ation. For the CES the date_l were truncajedhior of the phase linearity. Simulations over typically more
?rzg’dgnisn:;f;o){t tflskiipfgs,fn'y the principal lobe in the reOIUC%an 20,000 sequences lead to the result that the most effici
echo sequence, according to the above criteria which are son
how subjective, is the following: (3)}—(0.35)(2.1).(0.35).
the addition of spectra acquired at different irradiation frequeithe performance of this sequence was compared to that of t
cies, with a constant frequency step chosen small enoughclassical two-pulse Hahn echo sequence and the three-pu
order to have a flat excitation profile. stimulated echo sequence. The loss of signal-to-noise ratio
Figure 8 illustrates the spin echo mapping method impleempared to the Hahn echo is small, whereas the excitati
mented with the HES and the CES echo sequences. Thbemdwidth is multiplied by roughly 1.7. Experimental date
irradiation frequenciesx;, were used, but the method can b@btained on chloranil confirmed the simulations, which als
evidently generalized to more irradiation frequencies. Eatéke into account the small delay imposed by the spectrome
spectrum was phased in the same way, and truncated to kekgztronics between the pulses. Although optimized for a pov
the main lobe around the irradiation frequency by replacing tlder sample, we showed that this sequence should give go
unwanted data points by zero points. This truncation is alwagesults with a monocrystal, in contrast to the stimulated ect
necessary to keep a good signal-to-noise ratio. Concerning feguence.
spectra acquired with the CES, the truncation also has the rol&ince the reconstruction of large spectra with the propose
of suppressing the secondary lobes having nonnegligible aBES is faster by a factor of 1.7 if compared to the use of
plitude. Otherwise, the resulting profile would not be flat. Theonventional Hahn echo, we hope such a possibility will b
main lobe of the CES lies in the reduced frequency intervakeful to experimenters working on the physics of systen
[Xir — 3 X + 3. presenting large distributions of quadrupolar interaction
Making several attempts, we found that the best irradiatigglasses, incommensurate systems, high-temperature superc

Phase in Radians
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ductors, alloys, etc.). The simulation and optimization proce3.

dures can also be applied to more complicated sequences.
4,

APPENDIX

The probability density of the angular factaris

6
2u? (uN)?2—w
7
where 8
u=23+mn% v=3(n-23)(n+1); o
-12

w=(3+mn)?%4 f= Vn’ [A2] 10
11.

and the functiorD(y, f) is defined by
12.

1 y(1—-f)
y<h iy ((1—y>f) i
D(y, f) = 1 f(L—y)\ " [A3] :
> f,

m\y(1—f) ((1 = f)y) 14.

whereK is the complete elliptic integral of the first kind

/2 dX
Km=| ———.
(m) . V1 — msin’(x)

18.
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