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The frequency offset effects of the signal interference during steady-state pulse sequences for
remote nuclear quadrupole resonance (NQR) of '“N nuclei were investigated for the purposes of
optimization in remote NQR. The experimental investigations with the separation of interfering
NQR signals in sequences for observing signals {a?"|8%° — 7 —a'*°|3%° — 7} and {a®°|3°"° —
r—a” | ,6’2700 — 7} were carried out. The applications of the spherical tensor method for pure
NQR of spin I = 1 for the investigation of these sequences and one pulse sequence, two pulse

sequences are presented, too.
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Introduction

Nuclear Quadrupole Resonance (NQR) has been
investigated for remote detection of explosives and
narcotics [1, 2]. The main problem for the detection is
the small signal-to-noise ratio (SNR) of the NQR '*N
measurements. One method for increasing the SNR is
the application of multipulse sequences. Presently the
pulse NQR method is used for the remote NQR detec-
tion of explosives [3]. It is very difficult to attain the
optimal condition for the observation of the tempera-
ture of the sample and the optimal parameters of the
pulse sequence in case of remote detection. Presently
one tries to optimize the multipulse sequence parame-
ters via the computation of the experimental data [4],
using the experimental data [3]. The frequency offset
effects are important in these data.

Simplest and most widely used is the Carr se-
quence [5] and its modifications, especially the Strong
Off-Resonant Comb (SORC) sequence [6]. These se-
quences have the following desirable properties: a
large number of signals after every pulse and the sig-
nal amplitude being approximately one-half of the
single pulse decay. The signals of these sequences
may be divided into two types: free induction decays
(FID) and echoes. When the Carr sequence or SORC
sequence is used for the detection of hexahydro-1,3,5-

trinitro-s-triazine C;H¢N,O, (RDX), interference of
the echo and FID signals takes place. In the nota-
tion of Marino, Klainer, and Hirschfeld, these signals
are named a-signal and b-signal, respectively [7]. The
maximum signal can only be observed if there is a fre-
quency offset: Af = (n+1/2)/7, where n is a whole
number and 7 is the time spacing between the pulses.
Therefore the effectivity of the signal accumulation in
this sequence depends very much on the offset value.
The simple separation of these signals depends upon
the relaxation parameters of the NQR sample, i.e. T
(FID time constant), 75 (spin-spin relaxation time),
and 77 (spin-lattice relaxation time). Moreover, the
pulse NQR in the powder has a problem with the 90°
and 180° pulses. The durations of 90° and 180° pulses
are different for polycrystals. The angles between the
radiofrequency field and the axes of the electric field
gradient tensor of the polycrystals are accidental [8].
The other problem is the big inhomogeneity of the ra-
diofrequency field in the sample. As a consequence,
interference between a- and b-signals takes place in
all multipulse sequences for remote detection.

There exist the following ways to avoid the in-
terference of the a- and b-signal. The first way is the
computation of the proper signal using different types
of multipulse sequences [9]. The second way is the
development of a multipulse sequence to remove the
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effect of the interference of a- and b-signals [10]. An
other method is the application of three-frequency
pulse sequences [11, 12].

The detection of landmines does not present a big
problem with the application of multipulse sequences
in the case of a big volume of the sample, especially
for antitank landmines. For example, the quantities of
explosives of these landmines are 2.5 kg and 6 kg for
the Italian mines TS-2.5 and TS-6. The real problem is
the detection of landmines weighing less than 200 g.
The inhomogeneity of the radio frequency field is
much bigger for such objects. We consider objects
which are small compared to the coil.

In this work the results of the spherical tensor
method for pure NQR of spin I = 1 are exploited
for the theoretical investigations. The procedure fol-
lows the works of Sanctuary [13]. The applications
of this method for the investigation of one pulse- and
two pulse-sequences are presented.

Experimental

The experiments were carried out with hexahydro-
1,3,5-trinitro-s-triazine C;H,N,O, (RDX) at room
temperature and NaNO, at 77 K. The experiments
were carried out on landmines which contain 150 g
of RDX at distances of 5-25 cm. Part of the experi-
ments were carried out with 10 g of RDX inside the
solenoidal coil. At room temperature, the experimen-
tal NQR frequency of RDX is near 5192 kHz; T =
1.5 msec, 1> = 8 msec, 77 = 10 msec.

The pulsed NQR-spectrometer has the following
specifications: frequency range 0.1 - 30 MHz, pulse
length 20 - 250 ps, power of the radio frequency
pulses up to 2.5 kW. In this spectrometer we used
quadrature detection, quality modulation for damp-
ing transient processes in the radio frequency trans-
mitting coil, and damping transient processes in the
receiving path. The complete description of this spec-
trometer is presented in [3]. For the current control
of transient processes and the interference level we
used the oscilloscope Tektronix TDS 644B (4/1). The
radiofrequency coil consists of a flat receive-trans-
mit coil (with an external diameter of 36 c¢cm, and
an internal one of 15 cm). The quality of the coil
Q is in the range of 360 - 400. To detect NQR sig-
nals we used continuous pulse sequences of Steady
State Precession [5] (SSFP) with shifting the phase
of every second pulse by 180° and without shifting,
as well as sequences consisting of composite radio
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frequency pulses {a |3°° — 7 — a!80°|%° — 1}
and {a°|3%° — 7 — % |37 — 1}, where a,
are the pulse duration; 0°, 90°, 180°, 270° are the
initial phase shifts of radiofrequency pulses. The sys-
tem of forming radiofrequency composite pulses in-
cludes a direct digital synthesizer (DDS), created
in the S.E.E. corporation Ltd.,Perth, WA, an ordi-
nary personal computer with Intel Pentium Proces-
sor 166 MHz, a functional generator (sweep function
generator) Hung Chang 9205C, and the software pro-
gram RUN_DDS EXE, also developed in the S. E. E.
corporation Ltd., Perth, WA.

Results and Discussion

We consider the case of the non-axial symmet-
ric pure NQR for I = 1 and asymmetry parameter
71 # 0. This solution is based on the method of Sanc-
tuary [13].

The quadrupole Hamiltonian may be written as
[14]

eQq [QI+3)U+1)

Ha =
Q 4 5121 — 1)

(1)

) {Y(Z)O(I) +7) [Y(Z)Z(I) + Y(Z)—Z(I)] } ,

where Y ¥4 ig an irreducible tensor operator, I the
spin of nuclei, and e() q the constant of the quadrupole
interaction.

The density operator is
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where d>’q° is a time dependent polarization.

The total Hamiltonian is
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H,. = —i\/;wlz cos(w.t +¢.)Y 0,

w1, = vYHy, sind, cos p,,
Wiy = vHjy,sinf, sin g,
wi, =vHy, cosb,.

9;,¢; (j = ,y, 2) are the polar angles corresponding
to the Z-axis of electric quadrupole gradient tensor.
Wig, Wiy, w1, are different radio frequency fields with
the amplitudes H., Hi,, Hi. and frequencies w, =
Wi+ Awy, wy = wy + Aw_, w; = wp + Awy.

_eQqn
(3 + 77)7 w_ = 4h

_eQa o eQqn

wo

are the transition frequencies in a pure NQR of I = 1.
The equation for the density matrix can be ex-
pressed as [6]

ih < <Y(k’)q' ()
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k.q
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The complete solutions for one and two pulse se-
quences are presented in [15].

The FID of a single pulse with frequency w, can
be expressed after one pulse as

WilWiz

<Iz> ~

[sin werty sin(wyt + o1 — Awty)  (6)
Wef

A
+ —w(l — COS Wert)) cOS(w,t + p — Awtl)] .
Wef

The NQR signals after the second pulse of a two pulse
sequence with a frequency near w, may be written as

w2
1 — =2 (1 — cos wety))] (7)

WilWig [
Wef wef

FID ~ —

. Aw
Sin weft COS(wi(t — T — —13) + (2)
Wy

A A
+ 2901 — coswerty) sin(w, (t — 7 — —24,) + tpz)] :
Wef Wy
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Fig. 1. The model amplitude of the interference signal in a
Steady State FID Precession (SSFP) multipulse sequence.
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Fig. 2. Experimental plot of the intensities of the SSFP sig-
nal with alternate pulses vs. frequency offset. The distance
between the model of an antipersonal landmine (150 g of
the explosive RDX) and the flat coil is 7 cm.
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where t,, t, are the lengths of the first and the second
pulses, 7 is the time spacing between the first and the
second pulses, ¢, the phase shift of the first pulse,
, the phase shift of the second pulse, Aw an offset
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Fig. 3. The surface plot of dependencies.
range up to 10 kHz.
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Fig. 4. The composite sequence for the division a- and b-
signal.

resonance frequency, wer = 1/ Aw? + wfm, and Aw =

Wy — W
Usually, the signals of the SORC sequence are pre-
sented as [16]

V(t) = K1 cos Awt + K172 cos Aw(t—7).

€))

The model amplitude of the interference signal
based on (9) is presented in Fig. 1 for the case of
7 = 250 msec in RDX. The frequency offset range
is 0 - 6 kHz. The experimental measurements of the
intensities of the SSFP signal with alternate pulses
vs. the frequency offset for remote detection are pre-
sented in Figure 2. The distance between the model

x-axis: time spacing 7 is equal 2.50 msec, y-axes: frequency offset Af has a

and an antipersonal landmine is 7 cm. The number of
the scans done is 10000. The sample size is 512 g and
the sample period 3 s.

The use of the solutions (6, 7) for modelling a sig-
nal produces the 2D plot presented in Figure 3. The
comparison of the experimental data with the theoret-
ical formulas (6 - 8) shows that the actual behavior of
the superposition signal of the SSFP series is close to
the formulas (6, 7).

A method of damping of the negative effect of
the superposition signal (9) was proposed in [10].
The sequences consisting of composite radio fre-
quency pulses {a®*|3%" — 7 — a'%0°|3%" — 7} and
{8 — 7 — % |3¥7%° — 1} (Fig. 4) produce the
separation of the a- and b-signal in a multipulse se-
quence. Figure 5 shows this signal in multipulse se-
ries. In contrast to numerous research works on com-
posite pulses in NQR [16], the main purpose of com-
posite pulses in this case is to remove the effect of the
interference of inductance and echo signals in multi-
pulse sequences of the SORC and SSFP type. During
a standard sequence of two spin echo pulses 7/2-7-
m it is possible to damp inductance after the second
pulse, thus completely removing the interference of
inductance and echo signals. When working with the
multi-pulse sequence of the SSFP type with equal or
nearly equal pulse, there are free induction and echo
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Fig. 5. The oscillogram of the NQR signal in the multipulse sequence {a"|8°" — 7 — '3 |8%° — 7}, 2 =30us, B =

30 us, n = 1000, 10 g of RDX, 7 = 1700 ps, Af = 4.9 kHz.

signals that lead to the interference of echo and FID,
as it was said before.

The analysis of these sequences can be carried out
by use of the results in (6 - 8). We suppose that the
time duration o = 3 = t; = ¢, = {3 = ¢, and the radio
frequency field define wt; as close to 7/2. In this
situation the signal after every composite pulse has
three components which can be derived from (6 - 8).
The phase shifts ¢; = 0 and ¢, = 90° produce the
addition of the signals from (6 - 8). The signal from
(7) is very small if compared with the other signals.
The FID in this case may be written as

FIDcomposite ( 1 O)

2

Wiw w . Aw

o e [(1 + 1;) (s1nw+t + — cosw+t)
Wef Wer Wef
w2 Aw
- — ( sinw,;t — — cos w+t) .
Wer Wef

We can neglect the term proportional to Aw?/w% in
this equation. The second composite pulse with the
phase shifts 5 = 180° and ¢, = 90° has only terms
proportional to Aw?/wZ. The solutions for echo sig-
nals are more complicated. A simple analysis shows
that the echoes are caused by the following pairs
of pulses: the pulses with pulse length ¢, and 5,
t, and t4, t, and t;, ¢, and ¢,. In the case of the
pulse sequence {a®” | — 7 — a¥"|3%7"° — 7}, the
overlap of these echoes produces an echo which is
presented in Figure 5. In the case of pulse sequence

0,6 W
0,5 1
0,4 -
0,3 1
0,2 1
0,11

Intensity (Arbitrary units)

07 1 1,3 1619222528 31 3437

Time, msec

‘—O—Amplitude a-signal —#— Amplitude b—signal‘

Fig. 6. Amplitude of FID (a-signal) and echo (b-signal) vs.

pulse spacing 7 for RDX in the {a"|3%" — 7 — " |3¥*°
—7} pulse sequence, t; = t, =t3 = t, =35 us.

{aoo |ﬂ90° —7—al8” |[390° — 1}, the echo is probably
the result of the action of the first FID and second pair
of the pulses.

The amplitude of the FID (a-signal) and the
echo (b-signal) vs. the pulse spacing 7 for RDX
in the {3 — 7 — a%°|5?"° — 7} pulse se-
quence are shown in Figure 6. The main problem
in these two sequences consists in the optimiza-
tion of pulse width. Especially this is important for
small time spacing 7 < T75. Depending on the ra-
dio frequency field amplitude, the maximum damp-
ing of the interference signal can be achieved when
the pulse length and amplitude of radiofrequency
field is near the maximum single pulse FID. The
sequences {a’° %" — 7 — a'0"|3%° — 7} and
{a% 8% — 1 — % |3%"%" — 7} work as usual SSFP
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Fig. 7. The amplitude of a-signal and b-signal vs. frequency

offsetinthe {a” |3%" —7—a'%"°| %" —7} pulse sequence.
Time spacing 7 = 1.7 msec, t, =t, =t3 =1, =30 us, 10 g
of RDX inside solenoidal coil.

sequence in the situation with not optimal pulse width.
The presence of a- and b-signals in one observation
window between two pairs of pulses is more visible
for small 7. The frequency offset dependencies are
shown in Figs 7 and 8. The shapes of the dependen-
cies in Fig. 7 are similar to the dependencies of the
amplitude of the FID and echo without the overlap
of these signals. The curves for the other sequence,
{87 — 7 — % |3?7%° — 7}, are shown in Fig-
ure 8. In this sequence the b-signal has a more com-
plicated form which differs from that of the b-signal
in the sequence {a"|3%° — 7 — o!307|3%0° — 7},
From the analysis of (6 - 8) one derives that the b-
signal consists of different components. The sum of
these echo-components produces a complicated de-
pendence of the amplitude on the frequency offset.
It is necessary to make the more accurate calculation
for a description of these signals.

The application of these composite sequences per-
mits to improve the condition of remote NQR. In
this case if we observe signals from the objects re-
moved from the surface of the radio frequency coil,
and if the dimensions of the objects are comparable
with the dimensions of the coil, it is also difficult to
achieve optimum pulse duration. This is connected
with the great inhomogeneity of the radio frequency
electromagnetic field at different points of the object.
Therefore the use of a 90° phase shift in the compos-
ite pulse in a multi-pulse sequence SSFP or SORC
offers the simplest improvement. The experimental
investigation shows that not optimal pulse duration
produces the a- and b-signal inside in observation
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Fig. 8. The amplitude of a-signal and b-signal vs. frequency

offsetin the {a"|3%° —7—a’"|877°" — 7} pulse sequence.
Time spacing 7=1.8 msec, ¢, =t, =t3 =t, =35 us, 10 g of
RDX inside solenoidal coil.

window. However, the influence of these components
is not dominant in a wide range.

Conclusion

The following conclusions can be derived from the
analysis of the experimental data and theoretical re-
sults in this work:

1. The application of the multipulse sequences
SSFP and SORC is problematic in remote detection
of explosives. The overlaps of the FID and echo pro-
duce damping signals from the objects with different
temperature properties. The increasing of time spac-
ing 7 for the division of FID and echo results in a
reduction of the detection speed.

2. The application of the pulse sequences {«
ﬁ90° -7 - Oz1800|,390° _ T} and {a0°|ﬁ90° - T -
a®*|4%7%" — 7} permits to improve the condition of
the detection without loss of effectiveness.

3. These sequences are more effective if the du-
rations of the pulses are equal and the durations of
pulses are close to 90°.

4. The actions of the sequences {a’"|3%° — 1 —
a180° | ﬂ90° _ T} and {a0° |ﬂ90° —r— 0400 |,82700 _ 7.}
can be explained by (6 - 8).

O°|
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