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We report the first detection of a spin echo after excitation of a powder sample by a single pulse at the
resonance frequency during nuclear quadrupole resonance (NQR). These echoes can occur in samples that
have an inhomogeneously broadened line, in this case due to the distribution of electric field gradients.
The echoes are easily detectable when the Rabi frequency approaches the linewidth and the average
effective tipping angle is close to 270°. When limited by a weak radio-frequency field, the single-pulse
echo can be used to increase the signal to noise ratio over conventional techniques. These effects can
be used to optimize the NQR detection of contraband containing quadrupole nuclei and they are demon-
strated with glycine hemihydrochloride and hexhydro-1,3,5-trinitro-1,3,5-triazine (RDX).

© 2008 Elsevier Inc. All rights reserved.

1. Introduction

The use of NQR for the detection of contraband material has re-
ceived significant attention because of its ease of implementation
and ability to uniquely identify illicit substances [1-4]. Practical
considerations push NQR detection technology to operate at lower
magnetic fields for reduced power requirements, larger detection
volumes, and safe operation around delicate instrumentation.
Therefore, to improve the NQR detection capability it is important
to understand the spin-dynamics which occurs in samples irradi-
ated by weak radio-frequency (rf) pulses. One clear manifestation
of the spin-dynamics in this regime is the appearance of an echo
after a single pulse, of duration t;, in samples that have a distribu-
tion of electric field gradients (EFG’s) which result in an inhomoge-
neously broadened line, which we will refer to as EIB - Electric
field gradient Inhomogeneously Broadened. In Fig. 1 the echo effect
on the experimental signal () can clearly be seen as compared to
delta function pulses (solid line). While these data are for
yB1/a = 2.6, where 7y is the gyromagnetic ratio, B; is the amplitude
of the applied rf, and ¢ is the linewidth (half-width at half maxi-
mum) of the sample, we will demonstrate that more pronounced
single-pulse echoes (SPEs) occur when 7B, /g is even lower. Theo-
retically we explore the signal size, timing, and optimal pulse dura-
tion to observe these SPEs and compare them to the traditional
echo from a double pulse in this low field regime.

The first observation of single-pulse echoes was by Bloom [5] in
1954 using water in a very inhomogeneous magnetic field. Since
then, they have been detected in a number of other physical sys-
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tems, such as: magnetically ordered solids [6-10], crystals with
large dynamic frequency shifts [11], or an optically thin molecular
sample subjected to a Stark-pulse [12]. It has long been debated
the exact method of formation of these observed echoes [7,13-
15], and under what conditions they are formed—whether for large
inhomogeneous broadening alone [5], or with the addition of sig-
nificant inhomogeneity in the Rabi frequencies [7], or for rf excita-
tion far detuned from the center frequency [16-18]. These echoes,
however, share in common the experimental observation of the
signal’s peak at times comparable to the duration of the excitation
pulse, typically after a tipping pulse >360°. In contrast, we report
on a SPE which occurs for an average effective tipping angle close
to 270°, and whose signal peaks much closer to the falling edge of
the pulse. This SPE, which is closely related to the more traditional
double-pulse echo (DPE) [19], can be most easily observed under
conditions of inhomogeneous line broadening and inhomogeneous
Rabi frequencies, which in the case of NQR corresponds to a large
EIB and a distribution of crystallite directions as found in a powder
sample. Fig. 1 demonstrates the increase in signal because of this
echo effect under these conditions.

2. Theory

To demonstrate the formation of NQR SPEs we subject a system
dominated by the nuclear quadrupole interaction to a single reso-
nant rf pulse, include offset resonance effects due to the linewidth,
and model the response. Additionally, we assume that relaxation is
negligible during the pulse and that the wait time between data
acquisitions is much greater than both the spin-lattice relaxation
time (T;) and the spin-spin relaxation time (T) (in contrast to
multipulse SPEs [20]). This admittedly simplified model is suffi-
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Fig. 1. By comparing the signal from RDX due to a delta-like pulse to the signal
from a weaker pulse the formation of a NQR SPE is demonstrated. The normalized
NQR signal in Fourier space vs. tipping angle for a single pulse of B; = 51 G closely
follows the predicted NQR signal [21] (solid line) while the (O) shows the signal for
a pulse of 2.3 G, which produces an echo. The arrows highlight the occurrence of the
maximum echo. The vertical line, at 119°, shows the point of maximum expected
FID due to a delta-like pulse.

cient to show how the NQR SPE forms and to predict the conditions
for a maximum echo. We deem a SPE as the occurrence of a single
maximum of the signal magnitude which occurs after the end of
the rf pulse. Those signals where the maximum occurs at the end
of the rf pulse are deemed to be a “free decay.”

The development of the SPE is modeled by the density matrix
p(t) for the total Hamiltonian Hr = Ho + Hy, where Hy is the dom-
inant Hamiltonian and H; is the perturbation Hamiltonian. The
dominant Hamiltonian is proportional to the quadrupole Hamilto-
nian and for ease of calculation the quadrupole Hamiltonian, for
spin-1, can be defined with respect to fictitious spin-1 operators
[21-23] as,

1
HQ:h{COXI)@ +§(wy_w2)lx4}u (1)
where (I,3) = Y- (half the difference in population of the highest

eigenstate N, and the lowest eigenstate Ny, over the total number
of spin-1 atoms N). The definition of the three characteristic transi-

tion frequencies (|wy| > |w,| > |w,|) and the operator I, (which
does not contribute to the signal) can be found in the Appendix.
The fictitious spin-1 formalism allows us to treat a multi-level sys-
tem as a two level system when only one transition is involved, for
instance wy. While we focus on the case of spin-1, because of our
application, our results are generally applicable to any non-degen-
erate two level system coupled by an rf field, i.e. either a spin-} or
a fictitious spin-J system [24].

We treat as a perturbation the interaction of the nuclei with the
rf pulse of frequency w, and the off-resonant part of the quadru-
pole Hamiltonian. Therefore, the dominant Hamiltonian is written
as, Ho = 22 Hq, and the perturbing Hamiltonian as, Hy = Hys +V,
where V = — 42 “Hq and Aw = w,; — wy describe the resonance off-
set effects created by the EIB [25]. The rf Hamiltonian for the w,
transition is H; = —yhl- By cos(wyst + ¢;) where wys is applied at
@y, the mean value of w, or the first moment of the lineshape
[26]. The rotation angle of the pulse is 6 = yB;t;. Note, this model
is limited to systems such that the frequency difference between
the NQR levels is much greater than the linewidth of the transition.

Thus, the density matrix p(t) evolves under the Liouville equa-
tion, ph = i[p, Ho + Hy], which in the interaction representation of
Ho becomes, ph=i[p,H;], where p = eitot/hpe-itot/t and
Hy = Hy + V = efot/M(H,- + V)e-itot/h, Using the secular approxi-
mation [23],

Hyf = —haw; (I €0 ¢y + Ly sin ¢,), (2)

where the effective Rabi frequency, w; = yB; cos ¢, and ¢ is the an-
gle between the direction of the applied field and x of the principle
axes frame of the EFG [26]. We then calculate p in the fictitious
spin-} space.

In this space there is a coordinate frame for each NQR frequency
[4,21]. For the o, NQR frequency we describe p in the Ta,To, T
subspace. Fig. 2 shows the rotation of p during an rf pulse for dif-
ferent resonance offsets in a single crystal. After a pulse of ty,

i)(tl) _ e—iHlt1/hp(0)eiH1t1/h7 (3)

where H; = —mht creates nutation at a rate of @, = \/Aw? + @?
around the axis fn = cos o cos ¢17x1 -+ COos o sin d)ﬁxz + sin OC’I\)@. Start-
ing from thermal equilibrium and in the high temperature limit,
p(0) = —haxl3/(3kT), where we have neglected terms which do

Fig. 2. The rotation of p by the effective rf excitation in the presence of resonance offset effects shows the formation of the SPE. The spin isochromats start at (A), are subjected
to a 270° pulse with ¢ = 0, and then evolve till they rephase at (B) where an echo is formed. The on-resonance spin is labeled a and the amount of resonance offset for each
spin progresses to the two spins subjected to the most resonance offset labeled +b, which has a Aw of £2¢.
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not contribute to the final signal. The deviation of the rotation axis
from the Tm ffxz plane is, o = arctan %‘i’, as shown in inset of Fig. 2.
After the rf pulse, the different spin isochromats rephase to form an
echo, as shown by the horizontal lines on the surface of the sphere.
This reversal of spins creates the NQR SPEs that are observed. There-
fore the resonance offset, acting as an additional rotation in the T
direction, serves both to separate the isochromats during the pulse
and refocuses them afterwards. The actual refocusing occurs over
an extent of time, creating an echo which is smeared out tempo-
rally. A similar echo effect occurs for a powder sample, but the T
component of the rotation varies depending on the orientation of
the crystallite with respect to the applied radio-frequency. The Ta
component of rotation, however does not vary depending on the
crystallite orientation; therefore there is less variation in the nuta-
tion rate, w,, than when there is no off-resonance component in the
rotation. For a powder, this means that the EFG inhomogeneities
compensates for the Rabi inhomogeneities in a weak-field limit
for a rotation of approximately 340°
Proceeding from Eq. (3), we find at a time 7, after the pulse,

hay {ng

Pty +1T1) = — 3T 22 (cos? 0.cos O + sin” o)

2
—(il,Dye" ei(Amlfdn))} +h.c, (4)

where ©; = wyt;,D; = cos oc(sin2 ®; + (1 —cos @1)2 sin? oc)l/z, o =
arctanw, and h.c. stands for the Hermitian conjugate. Note
that O refers to the effective rotation each spin is subject to while 0
refers to the rotation angle of the rf pulse that is applied during a
pulse sequence.

The observable of interest is (Ii)spp = Tr(plx) and using the

expressions for fictitious spin-1, we determine that,

iha,e 1ot
(L)spg = T 6kT
ei(Aa)Trf/)])D] el +C.C., (5)

where c.c. is the complex conjugate of the first term. This expres-
sion is similar to those seen for magnetization in spin-j systems
subject to Larmor inhomogeneous broadening [16].

To gain insight into the appearance of the SPE, we look in the
limit when yB; > Aw. To first order in a%?

N tan(yB;t; cos £/2)

0~ 7B; C0s ¢ ()

and
Dy =~ sin(yBt; cos &), (7)

where §; is the phase and D, is the echo amplitude. An echo-like
behavior will occur when the coefficient in front of Aw in Eq. (6)
is negative, i.e, 180° < yB;t; cos¢ < 360°. The amplitude, Dy, is
maximum in this range when }Byt; cos ¢ is 270°. Under this condi-
tion, the echo would occur at T, :wllTsi, which clearly demon-
strates the smaller the excitation field, B;, the increased time,
after the pulse, before the occurrence of the echo.

We observe a signal from the rf pick-up coil with its axis of sym-
metry along the X-axis. For a powder we must average over all pos-
sible directions to get,

. 1
Signalyoyger = ) / (Ix)spe
f(Aw)cos ésinédédAm, (8)

where f(Aw) gives the shape of the resonance line. Experimentally
we observe Lorentzian line shapes, therefore in the foregoing we as-
sume f(Aw) has a Lorentzian distribution.

To compare the SPE to the DPE, we look at the spin dynamics
after a second pulse of the same strength and frequency and
determine

ihy oo 5 .
<Ix> = 6k]:( e—l(t)xf{el(A(A)‘Ez+02—¢2)D2 (C052 0 cos®; + SlI12 OC)

Dy .
+ 71 [elAe(®i+T2)+01-91) fc0s? o + €OS @, (1 + sin” )

+2isin ©; sin o} — el(A@(@2=1)=01=2¢2=¢1))
{cos? &+ cos @, (sin” o — 1)}]} + c.c., 9)

where ©,, §,, and D, are defined with respect to the second pulse of
width t; and phase ¢,.

The first term in Eq. (9) corresponds to a free induction decay
(FID) from the second pulse, the second term to the FID from the
first pulse, and the third term to the DPE, (I,)pp;. One can easily
see the third term is the DPE from the fact that the phase goes to
zero at 7, = 77 in the presence of any resonance offset and in the
limit of delta-function pulses. The echo signal for a powder after
a double-pulse “Exorcycle” [27] sequence, that is phase cycled to
leave only the echo, is then calculated from (Iy)ppg-

Additionally, the inclusion of the resonance offset effects in Eq.
(9), predicts the delay (A7) of the DPE. This delay is defined as the
difference between the occurrence of the peak of the DPE due to a
weak-pulse with resonance offset effects, compared to the occur-
rence of the peak of the DPE due to a delta-pulse. Equivalently,
AT = techo — T1, Where teqo is the time of the maximum echo as
shown in Fig. 3. The model predicts that the delay in the appear-
ance of the maximum DPE approaches At = 0.62t; at large values
of yB; /o in a powder and is only 2% less at small values of yB; /.
This increased delay compares well to the prediction by Slichter
[26] of AT = 2t; /7 in the case of protons in a static magnetic field
irradiated by a perpendicular rf.

Using our model, the SPE, DPE and FID characteristics of a pow-
der and a crystal are plotted in Fig. 4. For each value of yB;/c we
optimize the rotation angle(s) (9; and/or 0,) to produce the maxi-
mum Signal,,;, where Signal, is the total integrated magnitude
of the signal over time and is equivalent to the amplitude in Fou-
rier space at y. In pane (a) the maximum oSignal,,,, is plotted be-
cause it highlights the behavior independent of the line width with
constant line shape. The sequence used to generate the DPE has no
time between pulses and is phase cycled to leave only the echo.
Both the SPE and DPE signals are normalized to the maximum
FID due to a delta-pulse with the optimum rotation angle. The time
of occurrence of the peak, after the last pulse, is shown in (d) in
units of oteq, radians.

Inspecting the graphs, as yB; /o increases, pane (d) shows that
for both a powder and a crystal the maximum SPE occurs near
the end of the pulse and nothing distinguishes it from a “free de-
cay.” Additionally, as yB; /o increases, the other characteristics ap-
proach the values predicted by delta-pulse theory. For instance, for
the crystal, at large yB;/o, the FID, SPE, and DPE Signal,,. ap-
proaches 1, while the powder DPE signal approaches 0.83. Also,
at large yB; /o, the DPE rotation angles for a powder approach
01 =119° and 0, = 238° vs. 0; =90° and 0, = 180° for a crystal.
In particular, for large values of yB;/o, notice that for a crystal
the DPE and SPE oSignal,,, are similar but for a powder the DPE
and SPE gSignal,,, differ significantly.

Contrast this with the gSignal,,,, at small values of yB;/c: for
both a powder and a crystal, the DPE and SPE ¢Signal,,, are not

&>
7 7,
t

1 I
Ar= echo™ 7]

Fig. 3. SPE and DPE sequence timing diagram. Note, 7, is the time after the second
pulse and that t = t; + T + t; + T is the total time.
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Fig. 4. NQR FID, SPE, and DPE characteristics are shown as a function of yB; /¢ for both a powder (bottom four panes) and a crystal (top four panes): (a) shows the normalized
maximum total signal for each pulse in dimensionless units of gSignaly,, (b) shows the normalized maximum signal amplitude in time, (c) shows the rotation angles for the

maximum in (a), and (d) shows the time of occurrence of the maximum in (b).

significantly different. In fact, for a powder, as yB; /¢ decreases, the
SPE oSignal,,, approaches the DPE ¢Signal,,, and exceeds it. This
implies that the SPE behaves like the DPE, with no time between
pulses and when it is phase cycled to leave only the echo. Also no-
tice that the maximum amplitude of the signal is reduced, but the
oSignal, is not. This means the signal will be stretched out in
time, which we observe in the experimental data. Further, in this
regime, both the optimum rotation angles and the corresponding
oSignal,,, for a FID signal are decreasing as the dephasing during
the pulse starts to dominate the spin dynamics. In comparison, the
peak of the SPE occurs further from the end of the pulse, for small
values of yB/o, allowing for more of the signal to be observed.

The largest variation in the SPE oSignal,,, occurs in a powder
between the oSignal,,, after an ideal delta-function pulse and
the gSignal,,, after a weak rf producing a small yB; /o ratio. Thus,
increased Rabi inhomogeneous broadening contributes to the
detection of these SPEs. Therefore, we can predict from our model,
that the SPE will be most noticeable in a powder with small yB; /o
ratios. A small yB; /o results when the rf pulse is weak and/or the
resonance has a large linewidth. Additionally, in this regime the
SPE oSignal,,, is comparable to and can be somewhat greater than
the DPE oSignal,,,, as confirmed experimentally in Fig. 5.

3. Experimental conditions

The NQR SPE and DPE experiments were conducted at room
temperature with two powder samples that contain N nuclei:
17g of RDX (C3HgNgOg) at the NQR frequency |vy| = 3.36 MHz with
a linewidth, full-width at half-max (FWHM), of 524 + 25 Hz, and

0.37 .
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. c
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Fig. 5. In the inset, the emergence of the SPE is demonstrated using glycine
hemihydrochloride. The echo (solid line) is shown in comparison to the FID from a
delta-like pulse (dashed line). In the main graph is a comparison of the SPE, DPE and
the optimum FID signal showing the experimental Signal,, for each pulse
sequence excluding deadtime. The SPE (solid line) due to pulses of B; =1.3 G is
compared to the DPE (dashed line) due to pulses of B; = 1.3 G and the optimum FID
(dotted line) of B; = 35 G. Under these conditions the SPE Signal,, is larger than
the DPE and the FID Signal,,,. The deadtime in the main graph is 0.25 ms and is
0.2 ms in the inset.
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40 g of glycine hemihydrochloride (C4H,o0N>04 HCL) at the v, fre-
quency of 0.834 MHz with a linewidth of 780 + 30 Hz. Both sam-
ples have a predominantly Lorentzian shaped linewidth profile.

The experiments were conducted using a TecMag NQR spec-
trometer and a different probe for each sample. The probe con-
sisted of the sample at the center of the tuned rf coil which was
inside a Faraday cage to minimize rf interference. The probe for
the glycine hemihydrochloride experiments had a Q of 30 while
the probe for RDX experiments had a Q of 150.

4. Experimental results

The theory developed in the previous section allows us to select
samples and design experiments to demonstrate and explore these
NQR SPEs. The theory indicates the SPEs will be easier to detect as
yB1 /0 is reduced since the echo signal will be temporally removed
from the experimental deadtime. Using a reduced yB; /g of 0.43,
the appearance and development of the SPE is demonstrated in
the inset of Fig. 5. The SPE is produced with a pulse of
t; =5 ms,B; =0.54 G, and 6; =300°: 6; is selected to generate
the maximum SPE by referring to Fig. 4(c). The delta-like pulse
(strong-pulse) is t; =31 pus,B; =35 G, and 6; = 119°. The SPE
clearly appears with fast initial rise and an asymmetrical tail.

T, effects also impact the echo signal. The theoretical echo data
in the inset of Fig. 5 is adjusted down by 20% to fit the experimental
echo signal profile. The adjustment reflects T, effects during the
pulse.

A further demonstration of the SPE is shown in Fig. 6 as the
pulse length is increased. The lower graph shows the experimental
(dots) and the theoretical (line, Eq. (8)) normalized SPE signal as 6
is varied for the same pulse length as in the top graph. In the top
graphs of Fig. 6 the most negative values indicated the time of

(a) t1=100 usec

(b) t1=500 L sec

occurrence of the maximum theoretical SPE for a particular 0. In
(a) and (d) a strong delta-like rf pulse does not show an echo while
in (¢) and (f) the black region shows the emergence of the SPE echo
with a much weaker rf pulse. Notice that as t; is increased the FID
maximum amplitude decreases and the SPE maximum amplitude
increases. In (c) and (f) a pulse of t; = 2.4 ms is used to irradiate
glycine hemihydrochloride, which has a larger linewidth than
RDX, and the echo reaches a maximum where predicted
(0 = 340°) and is more noticeable.

Additionally, under certain conditions, the SPE aSignal,,, is
greater than the DPE oSignal,,,. In Fig. 5, a comparison of the
SPE and DPE and the optimum FID ¢Signal,,, using glycine hemi-
hydrochloride is shown. The SPE and DPE were generated with rf
pulses to create the same yB; /o ratio. The SPE signal, created with
By =13 G,t; =2.4 ms and 6; = 345° (solid line), is compared to
the DPE signal, created with pulses of B; = 1.3 G,0; = 116° and
0, = 187° (dashed line). The optimum FID is also presented (dotted
line - same pulse parameters as in the inset). The experimental
oSignal,,, excluding deadtime, and normalized to the optimum
FID, is shown for each pulse. The SPE aSignal,, (0.94 +0.02) is
greater than the DPE oSignal,,, (0.78 +0.02). Theoretically the
SPE gSignal,,, is predicted to be 0.96 while the DPE oSignal,
is 0.98. One possible cause of this difference between predicted
and actual DPE oSignal,,, is the breaking of the spin-locking
[28] by using phase cycling in the DPE sequence. The phase cycling
removes all but the DPE from the signal, but at the cost of breaking
the spin-locking, hence, the signal would be lower than predicted.
If a lower yB; /o ratio is used the calculations (Fig. 4a) for a powder
show that the SPE will be greater than the DPE o¢Signal,,,, even
without this spin-locking effect.

In comparison to the FID both the SPE and DPE o¢Signal,,,, are
approximately twice the FID oSignal,,,, if the deadtime is taken

(©) t1=2.4 msec
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Fig. 6. Development of an SPE as the pulse length is increased. The top graphs are contour plots of the normalized theoretical SPE signal for specific 0’s (x-axis) as the echo
evolves in time (y-axis). The bottom graphs show the signal vs. 0 for the same pulse length as the top graph. In (a) and (d) there is no observable echo after a pulse of
t; = 100 ps, using RDX, while in (c) and (f) there is a noticeable echo—the black region in (c). In (b) and (e), again using RDX, the echo starts to form about 0.25 ms after a
pulse of t; =500 ps at 6 = 345°. In (c) and (f), using glycine hemihydrochloride, the echo is maximum about 0.5ms after a pulse of t; = 2.4 ms. Arrow in (f) points out

maximum echo.
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Fig. 7. Consistent delay (A7) of the DPE is confirmed with weak rf pulses. Glycine
hemihydrochloride is irradiated with an rf field such that yB;/o = 1.03. Four
normalized DPEs, with different values of 7, are plotted vs. time after the second
pulse. The fits (solid lines) show a constant delay of At = 0.56 ms.

into account, which shows the potential increase in attainable sig-
nal when using these pulse sequences in comparison to the FID.
The FID from the strong-pulse has a sharply decreasing amplitude
and may be difficult to detect experimentally due to the imple-
mentation dependent deadtime. In contrast, the occurrence of
the SPE is significantly removed from the trailing edge of the pulse
so it is easier to detect experimentally.

In Fig. 7, the delay (At), predicted by our model, of the occur-
rence of the DPE is demonstrated. The delay is the difference be-
tween our theoretical predictions and the predictions using an
ideal delta-pulse. The pulse to generate the DPE is
B; =1.3 G,0; = 116°, and 0, = 187°, while 0; and 0, are optimized
for maximum DPE signal by referring to Fig. 4(c). Data shows the
peak normalized signal decreasing with increasing 7, while there
is a consistent delay in the formation of the echo. In Fig. 7, the echo
signal is shown and each data point is the average of 200 ps of data.
The raw echo time data are then fit to a Gaussian (solid lines) be-
cause it has been shaped by the pulse and our numerical simula-
tions predict that it is roughly Gaussian under these conditions.
The fit of the four data sets result in a T, = 7.6 +£ 0.1 ms, with a
Gaussian standard deviation of 1.32 4+ 0.01 ms, in comparison to
a predicted value of 1.53ms, and a consistent delay of
At =0.56 £0.01 ms in comparison to 0.51 ms. The predictions
are generated using Eq. (9) and the differences could be due to
non-ideal pulses, and relaxation effects.

5. Conclusion

NQR SPEs have been detected for the first time and are well
modeled by a theory that incorporates EFG inhomogeneous broad-
ening. The theory demonstrates that the echoes are created by the
dephasing and rephasing of the individual spin isochromats that
are present in a material with a large EIB. The SPEs occur in a pow-
der when 6 is ~340° and they reach a maximum with a low yB; /o
ratio and they disappear at large yB; /¢ ratios. This combination of
requirements explains why the NQR SPEs have not been observed
in previous NQR experiments. Echoes have been observed and pre-
dicted by theory in glycine hemihydrochloride and RDX. The the-
ory and experiments allow us to characterize SPEs as temporally
asymmetric with a fast initial rise. While the experimental confir-
mation of this theory utilized samples with a large EIB and a pow-

der sample, which contributes to inhomogeneous Rabi broadening,
this theory should be applicable to other systems with inhomoge-
neous line broadening and inhomogeneous Rabi broadening what-
ever the cause.

Additionally, the theories for SPEs and DPEs are compared and
we find that the SPE behaves like a DPE with no time between
pulses and that the SPE oSignal,,, can be greater than the DPE
oSignal,,, under certain conditions. This is shown using glycine
hemihydrochloride and a pulse such that yB; /6 = 1.03. An analysis
of the DPE, using this model, also provides additional insight into
the experimentally observed increased delay of the DPE. The delay
of the DPE (A7) is the difference between our theoretical predic-
tions and the predictions using an ideal delta-pulse. The theory
predicts At = 0.62t; at large values of yB;/¢ in a powder and is
only 2% less at small values of yB;/¢ and this is confirmed by
experiments. Therefore, using these techniques, pulse sequences
for the detection of contraband over a large volume can be tuned
for an optimum SPE or DPE signal.
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Appendix. Fictitious spin-1 Operators

For spin-1 the eigenfunctions of I, are | +1 >,] — 1 >, and |0 >.
The eigenfunctions of Hy in the principle axis frame of the electric
field gradient are: [+ >=(+1>+-1>)/V2,|—- >=
(]+1>—|-1>)/v2,and |0 >= |0 >, and have the corresponding
eigenenergies: E,  E_, and E,. The NQR transition frequencies are:
wy = (E; — Ep)/h,wy = (Ec —E_)/h,and w, = (E_. — E,)/h.

The fictitious spin-1 operators are:

La =1l Iy =11y Iy =11
Lo =3(LL+LL): Lo =3 (ks + LL); Ly =1 (Idy + LL):
Lo = 1 (22~ I2); Iya Y- I =30 - L)

Iy4 = 123 - Ix3; 124 = Ix3 - 1y3~

and Ii = (le + llxz)/z

These operators meet the condition Is + I3 + I3 = 0, and the
power of these operators is in the commutation relationships. A
few examples are

pi;1pa] = 0, (10)
[Ip.ivlm‘] = “p.kv (11)

where i,j, k are cyclic and where p € (x,y,2).

Ix4 = Iy3 1237
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