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A theory is developed for remote nuclear quadrupole resonance (NQR) in solid dielectrics
with transient remote excitation of crystals for various materials and various conditions

of observation. Experimental studies are made to assess the possibilities of using remote NQR
and NQR introscopy. Data are presented and recommendations based on theoretical and
experimental investigations are formulated for the development of devices for various purposes.

1. INTRODUCTION

The successful remote detection of nuclear quadrupole
resonance (NQR) signals from solids makes the method of
remote NQR a promising one for applications in medicine
(the detection of kidney stones), in agriculture (monitor-
ing the distribution of fertilizer in the fields), the monitor-
ing of technological processes in manufacturing, the search
for and detection of hidden caches of explosives (mines) in
the ground, in walls, and in baggage, the detection and
identification of narcotics, the search for useful minerals,
and so forth.

The conditions of observation of remote NQR with the
use of transient methods of observation are quite different
from NQR within the pickup coil. However, the absence of
a theory of remote NQR and the lack of experimental
studies of the optimization of remote detection of NQR
have made it impossible to achieve progress in the devel-
opment of the appropriate apparatus for many different
practical applications.

Remote NQR is similar to the methods of NMR in-
troscopy, which combine various means of spatial localiza-
tion and mapping of NMR signals from inhomogeneous
objects. In recent years NMR introscopy has been used
successfully in physiological chemistry and in clinical prac-
tice, where the most important properties are its innocuous
and unintrusive nature, and the sensitivity of the NMR
signal to the state of the living tissue.

Unlike NMR, remote NQR does not require that a
uniform static magnetic field be created in the object under
study. On the other hand, because of the low intensity of
the NQR signals and the necessity of working with solid
materials, it is scarcely realistic to hope to obtain NQR
images, and today we can only speak of obtaining NQR
signals from relatively large regions of the sample, situated
outside the pickup of the NQR spectrometer.

The literature contains discussions of the possibility of
using nuclear quadrupole resonance for the analysis of ma-
terials that are located at short distances from the appara-
tus. What these authors have in mind is the case where the
material is separated from the apparatus by nonmetallic
opaque material: mines, explosives and narcotics in bag-
gage, technological monitoring of the production of solid
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objects, the search for useful minerals, etc. Nuclear quad-
rupole resonance is able to distinguish nonequivalent sites
of the nuclei; it gives a narrow spectral line, and it provides
an unambiguous identification of the chemical compound.

To solve the problem of remote NQR it is necessary to
develop the scientifically based, reliable, and unambiguous
methods of remote determination of the main parameters
of NQR of a solid for a wide range of conditions of obser-
vation.

The method of remote NQR implies that the signal is
received from a sample that is located at a distance from
the receiving apparatus of the spectrometer. This requires
development of the theory of remote excitation of NQR by
the transmitting system of the spectrometer and reception
of the signal by the receiving antenna in the near zone.

One of the most severe drawbacks of NQR!'™* for
remote investigations of matter is the low sensitivity, par-
ticularly at low frequencies, so that frequently the problem
is to find the signal from samples that are placed within the
coil of the spectrometer.

To implement remote NQR it is necessary to increase
greatly the sensitivity of the spectrometer, which can be
done by:

—reducing the noise level and interference pickup, etc,
by the use of time gates and selective receiving coils;

—optimizing the signal accumulation time by the use
of pulse sequences and automation of the measurements;

—the use of the techniques of Fourier spectroscopy,
computer analysis of the experimental data, and correla-
tion spectroscopy.

To study the possibility of remote NQR for obtaining
NQR images it is essential to analyze theoretically and
experimentally the various methods of introscopy by nu-
clear magnetic resonance where there is no strong polariz-
ing magnetic field and the pure nuclear quadrupole reso-
nance is observed.

The information content of remote nuclear quadrupole
resonance can be enhanced by the use of two-dimensional,
two-frequency NQR spectroscopy, which makes it possible
to detect forbidden transitions, identify the nonequivalent
sites of the nuclei in the crystal, and study dynamic pro-
cesses in solids.
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The methods of cross-relaxation spectroscopy can be
used to increase the sensitivity in the detection of low-
frequency NQR spectra.

2. OPTIMAL CONDITIONS FOR THE DETECTION OF
REMOTE NQR

The excitation of the precession of '*N nuclei in nu-
clear quadrupole resonance when the sample is outside the
oscillator  circuit  (remote  nuclear  quadrupole
resonance) '™ has its own peculiarities. Since the dimen-
sions of the sample / are less than A, where A is the absorp-
tion wavelength, the radiation resistance R,,4 of the sample
is small, and therefore it is difficult to detect the re-
radiation outside the near zone. However, in the near zone
the intensity of the radiation from the sample falls off as
1/ (Ref. 10), where r is the distance between the sample
and the receiving antenna. On the other hand, the trans-
mitting antenna (which excites the sample), can contain
ferrite rods, which reduces its effective length to 1 m for an
absorption wavelength of 60 m. Therefore the excitation
antenna can operate in the intermediate zone (where the
excitation field falls off as 1//%), if the following condition
is imposed on the boundaries of the sample:

vBit,=m/2, (2.1)
where v is the gyromagnetic ratio of the nitrogen nuclei, B,
is the amplitude of the rf field in the pulse, and ¢, is the
pulse length. For a pulse power of 5 kW condition (2.1)
can be satisfied at a distance of several meters from the
excitation antenna.

An attempt to observe NQR of *N in nitro groups in
octogen and hexogen by the direct method of pulsed NQR,
which is appropriate for remote detection, was unsuccess-
ful. Therefore explosives planted in the ground, in walls,
etc., can be observed by NQR for octogen, hexogen, and
PETN only for cyclic nitrogen. Of course, the NQR spec-
tra of the nitro groups would sharply increase the number
of explosives that could be detected by this method. The
NQR spectra (including from an enclosed space, like in
boxes, letters, suitcases) makes possible a unique identifi-
cation of the explosives and their mixtures.

The method of double NQR with only unilateral ac-
cess to the sample (which is in the ground or a wall) is still
difficult to implement, and therefore the NQR spectrum of
trotyl and of NO, groups of hexogen and octogen are of
importance in monitoring at airports, while the NQR spec-
tra of cyclical nitrogen in hexogen and octogen makes it
possible to detect explosives in a unilateral situation, i.e.,
with the use of surface rf coils.

Let us consider how a NQR signal is formed from a
sample like the explosive material of a mine. In this case we
consider a sample in the shape of a disk of height 4 and
radius R, close in shape to an antitank mine. The tf pulse
at the resonant frequency induces in the sample a nuclear
magnetization M given by the expression

M=Mse~"T2cos wgt. (2.2)
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The magnetic field created by the sample will be equivalent
to the field that is created by the current of the circuit and
a conducting ribbon of width 4. The current will be equal
to

I=Mghe T2 cos wyt. (2.3)

The magnetic induction created by the current I along the
z axis, according to the Biot-Savart law, will be
B 20mIR  20mMye~"T2R?h
T(RAADTT (R4

Since the volume of the sample is ¥,=mR?h, then

B 20M e~V T2y,
TRV

Let us now determine how the distance z at which the
sample can be detected depends on the sample volume. We
assume that the detection of the NQR, that is, the obser-
vation, occurs under the condition B> B,. We are con-
cerned with the case B, = B, .. In this case, using expres-
sion (2.5) we obtain the following dependence on z:

20M0e”’/T2VS 2/3 Vs 1/2
=|(Z5) Al

(2.4)

(2.5)

(2.6)

If the radius of the sample is small in comparison with the
distance z from which the NQR signal is received, then this
expression can be written in a simpler way

, (20Moe_t/T2Vs)]/3

2.7)
B, (

where the quantity

20M0e— t/Ty
k=——7—
'BZ,Cr

is constant for a particular sample, and therefore

z=kV3, (2.8)

Thus the distance at which the sample can be detected
does not increase linearly with the sample volume.

The sample that we used was (CH,)¢N,, in which the
N NQR signal is observed at 3306 kHz at room temper-
ature.

The receiving antenna contained four 400 NM ferrite
rods with a diameter d=8 mm, a length 138 mm, with
coils with inductances L;=L,=L;=L,, containing 20
turns and connected in parallel. The rods with the coils
were placed inside a Duralumin shield provided with slits
as shown in Fig. 1. The detection of the NQR signal from
4N was verified by virtue of its disappearance when a weak
magnetic field was applied. We used a disk-shaped
(CH,)¢N, sample with a weight of 50 g. The re-radiation
from the sample was detected at a distance up to 17 cm
from the sample without the use of signal averaging. With
the use of signal averaging (with a signal-to-noise ratio
~n'2, where n is the number of samples) this distance can
be increased by a factor of two to three. The transmitting
antenna was a spiral coil with a diameter of 200 mm made
of foil-shaped fiberglass laminate. In view of the fact that
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FIG. 1. Receiving antenna.

the excitation antenna can excite large volumes (1X1
X0.35 m), the observed effect can be used for checking
baggage for explosives and narcotics (hexogen, octogen,
tetryl, hexotol, PVV-4, semtex, heroin, cocaine) becase this
method is not bothered by the presence of metals and has
a high selectivity with respect to the NQR frequency. This
device is intended for checking letters, parcels, briefcases,
suitcases, and for detection of bombs based on hexogen in
the baggage, in the ground, and in walls. A block diagram
of this apparatus is shown in Fig. 2. For explosives and
narcotics there is a characteristic NQR frequency that per-
mits identification with a probability of correct detection of
0.97. The presence of moisture, foodstuffs, common chem-
icals, leather, wood, plastics, etc. does not interfere with
the operation of the apparatus. The minimum mass of hex-
ogen (NQR frequency 5192 kHz) and octogen (NQR fre-
quency 5300 kHz) is 10 g for an observation time no more
than 10 s in a range of working temperatures from — 30 to
+40 °C, with the apparatus weighing 70 kG. The device
can be used in airports and at customs stations for the
monitoring of baggage.

Several methods can be used for the NQR detection of
explosives and mnarcotics: remote NQR, the cross-
relaxation method, and double NQR.!""!* The method re-
mote NQR described in Ref. 14, is a promising one for the
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FIG. 2. Block diagram of apparatus for monitoring baggage.
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detection of hexotol (80% trinitrotoluene +20% hexo-
gen) in antitank mines without a casing and in baggage,
through the detection of the N NQR signal at the fre-
quency 5192 kHz."® The separate detection at the ferrite
antennas with the rf pulses passing through the baggage is
possible up to 35 cm. Measurements are also possible for
octogen and tetryl. The NQR characteristics of TNT are
such that it is not really well suited for remote NQR, but
its signal can be easily detected in double NQR and
QR-NQR.® Of course, these methods are sensitive to the
presence of metals.

Usually we use as the master oscillator for remote
NQR a frequency synthesizer with a stability of 1078, a
remote head attached to a 3 m cable and containing the
final stage of high-power transmitters (1 kW) and the re-
ceiver preamplifier. The diameter of the spiral surface coil,
etched in laminated Bakelite insulation, is 25 cm and the
diameter of the metal cylindrical shield is 40 cm. The
shield is closed from below by a Teflon cap, and the dis-
tance between the coil and the Earth is 2 cm. The mines are
searched for by moving the head over the surface of the
Earth. The data in a series of pulses with detuning are
accumulated in a digital memory. The entire apparatus
including the power supply weighs 50 kg.

The method of cross-relaxation with the use of a
U-shaped magnet extends the capability of the NQR de-
tector. For the analysis of NQR by the method of cross-
relaxation of N and 'H we developed a computer pro-
gram for the “Kompan” personal computer. In this
development we proposed to do an averaging over the an-
gles 6 and @ in a powder. We usually used 12 960 averages.
Tables I-IV show the NQR frequencies v, and v_ of
14N for four explosives. The transitions at the frequency v _
between the lower and middle levels) are almost indepen-
dent of the static magnetic field By, whereas the transition
at the frequency v (between the lower and upper levels)
increases sharply with By. The frequency vy=v_ —v_ also
depends on By, therefore the detection of antitank mines
by this method with a U-shaped magnet is best done using
the v_ lines. It is possible to use this method to make a
universal NQR detector of antitank mines using the spec-
tra of the nitro groups. For small asymmetry parameters 7
the frequency v_ decreases with increasing By.

The quadrupole Hamiltonian in a magnetic field B,
has the form

= [ 2 Mo o
H=g507-15 |3~ P43 B+ 1)

sin 0 cos ¢

I, +7_
_yBBO(I,oos 0+ +2

I,—1I_
2j

sin 6 - sin (p) (2.9)

where I is the nuclear spin, 7 is the asymmetry parameter,
8 and @ are the polar and azimuthal angles of B, in the
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TABLE I. Octogen (T=77 K).

n eQq,,. kHz B, G v, kHz v_, kHz
0,497 5457 0 5063,0 3623
1108,3 51447 3542
2216,6 5389,6 3542
3325,0 5471,0 3542
4433,2 5634,5 3461
5542,1 5961,0 3461
6650,4 6287.8 3461
7758.8 6532,8 3461
8867,6 6941,0 3461
0,516 6027 0 5300,0 37317,0
1224,0 5383,7 3653,9
2448.2 5552,3 3653.9
3672.2 5720,1 3653.9
4896.3 5804,2 3653.9
6119,8 6140,7 3653.9
7345,1 6477,2 3653,9
8569,1 6813,7 3653,9
9793,9 7066,0 3653,9
0.42 840 0 720,0 540
194,0 724.4 527
341,2 754.0 515
511,8 771,2 515
682,4 788,8 515
852,9 835,2 515
1023,7 881.6 515
1194,3 939.6 515
1365,0 974,4 515
0,48 806 0 720,0 490
163,7 742,4 490
327.4 765,6 490
491,0 7172 490
654,8 812,0 479
818,4 846,8 479
982,2 893,2 479
1146,0 982,0 479
1309,8 974,4 479

X, Y, Z system of the electric field gradient tensor, and 7,,
I, I, and I_ are the spin operators.

The solution of this Hamiltonian for powders for the
transitions v, v_, and v, is shown in Tables I-IV. We
carried out 6480 averages over the angles 8 and ¢, which
gave an accuracy of 0.11%. A detailed description of the
program and a printout of the source code are given in Ref.
17. To speed up the calculations we used Quick Basic 2.0.
The physics of the processes in systems of this sort is de-
scribed in Refs. 9 and 18-22). T

An important achievement was the development of a
spin-based locator for monitoring baggage with separate
excitation and detection of signals, which increases to 100
X 100X 35 cm the dimensions of the objects that can be
monitored. The NQR signals were excited with surface
coils, while the detection was done on the other side of the
baggage with U-shaped ferrite antennas with rf coils en-
closed in a shield. We used a four-channel system, similar
to that for the detection of mines as the carrier is moved at
a speed of 7 km/h. In the latter case only unilateral detec-
tion could be carried out.

The sensitivity of the neutron method for the detection
of explosives is 40 times lower than the NQR method.
Moreover, in the neutron method the presence of leather
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TABLE II. Hexogen (7=77 K).

n quu, kHz By, G v, kHz v_, kHz

0,608 5674 1} 5180,0 3394
1152,3 5260,4 3394

2304,8 5422,3 3394

3457,1 5665,1 3394

4609.6 5746,0 3394

5761,3 6069,8 3394

6914.9 6312,5 3394

8067,3 6636,2 3394

9220,2 6879.0 3394

0,638 5779 0 5256 3413
1173,7 5336.8 3413

2347,4 5498.,5 3413

3521,1 5660.2 3413

4694,9 5741,0 3413

5868,0 6064,5 3413

7042,9 6307,0 3413

8216,6 6630,5 3413

9390,9 68731 3413

0,614 5887 1} 53190 3511
1195,6 5570,4 3511

2391,2 5739,2 3511

3586,9 5908,0 3511

4782,6 5992,4 3511

5971,7 6330,0 3511

7174,5 6583,2 3511

8370,1 6920,8 3511

9566.4 7174,0 3511
0,42 700 0 600,0 450,0
142,1 619,3 440,2
284,3 629,2 430,3
426,5 648,6 430,3
568,7 658,2 430,3
710,8 697,0 430,3
853,1 735,7 430.3
995,2 784,0 430,3
1137,5 813,0 430,3

can produce improper operation. The NQR method de-
tects explosives and narcotics according to the frequencies,
which provides a high probability of reliable detection ( D
=0.97). This was verified in experiments with antitank
mines, models TS-2.5, TS-6, and TM-2P, which are based
on hexotol. We were able to conclude that NQR is at
present the best method for detection of antitank mines
that do not have a metal casing.

A specific description of the quadrupole detectors for
antitank mines can be found in Refs. 13-29. These detec-
tors were used successfully by us for the first time. Accord-
ing to the data of A. Garroway, negative results were ob-
tained in the USA for antitank mines (Naval Research
Laboratories, Washington DC). The details of the opera-
tion with the materials can be found in Refs 30-37. The
methods of attributing the NQR lines in explosives to spe-
cific chemical arrangements in the molecule are given in
Refs. 30, 33, and 37. New ways have now been found to
increase the sensitivity of NQR detectors of antitank mines
and methods of monitoring baggage. A large number of
tests have been made with PVV-4. The reference numbers
were obtained from this same type of explosive (80% hex-
ogen and 20% naphtha products) with the use of a spiral
surface coil.
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TABLE III. Trotyl (T'=77 K).

7 ¢Qq,,.kHz By, G v, kHz v_,kHz
0,1396 1107 0 869,0 792,0
224.8 914,5 7750
449,17 961.0 759.5
674,5 992,0 744,0
899,3 1038,5 744,0
1124,0 1100,5 728,5
1349,1 1162,5 728,5
1573,9 1240,0 728,5
1798,9 1286,5 697,5
0,1654 1131 0 895.,0 801
229.6 960,2 784
459,4 1024,4 784
689,1 1040,1 768
918,8 1072,5 752
1148.4 1152,2 752
1378,3 1200,3 752
1608,0 1280,1 752
1837,8 1344,5 736
0,1640 1083 0 857,0 767
219,8 918,4 150
439,9 948,6 735
659,9 994,5 720
879,8 1025,1 720
1099,7 1101,6 705
1319,9 1162,8 705
1539,8 1215,0 705
17599 1300,5 705
0,1978 1095 0 875,0 761,0
222,2 900,4 767,0
444.8 930,1 766,0
667,1 975,2 7344
889,6 1005.6 734,4
1111,9 1080,2 734,4
1334,5 1155,7 719,1
1556,9 1200,1 719,1
1779,3 1275,2 719,1
0,2490 1061 0 861,0 729,0
2153 917.6 729,0
431,0 932.,4 729,0
646.4 962,0 700,3
861,9 1006,4 700,3
1077,3 1065,6 700,3
1293,0 1124,8 700,3
1508,5 1184,0 700,3
17241 1243,0 700,3
0,2929 1078 0 888.0 730,0
218.8 930.4 730,0
437,9 945,2 730,0
656,8 975.6 699,0
875,8 1005,2 699,0
1094,6 1080,3 699,0
1313,8 1125,6 699,0
1532,7 1200,1 699,0
1751,8 1260,1 699,0

3. METHODS OF SEPARATING SIGNAL FROM NOISE

One of the acute problems in remote NQR spectros-
copy and of NQR spectroscopy of '*N in particular is the
poor signal/noise (s/n) ratio. Digital signal accumulation
with the use of a multi-channel analyzer as a rule is limited
by the stability of the spectrometer, particularly when the
sample has long spin-relaxation times. Various methods
are used to increase the s/n ratio, such as lowering the
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TABLE IV. PETN (T=110 K).

n eQq,., (kHz) By (G) v,, (kHz) v_, (kHz)
0.34 1426 0 1470.0 11700
289.5 1519.1 1170.0
579.2 1568.2 1170.0
868.9 1617.5 1097.0
1158.5 1666.0 1097.0
1448.0 1764.4 1097.0
17379 1837.5 1097.0
2027.5 1960.0 1097.0
23173 2058.0 1097.0
0.27 1586 0 1300.0 1080.0
3220 1366.4 1058.4
644.2 1411.2 1015.2
966.3 1456.0 1015.2
1288.5 1523.2 1015.2
16104 1612.8 993.6
19329 1702.4 993.6
2255.0 1792.0 993.6
2577.25 1881.6 993.6

sample temperature, which increases the signal by a factor
of 72 at a temperature T,=4.2 K, cooling the preamplifier,
and using digital filters. In remote NQR these methods
either are in principle unsuitable, or are difficult to imple-
ment technically. One can improve the advantage per unit
time, that is, increase the s/n ratio with a minimum dis-
tortion of the measured curve and without degrading the
resolution of the spectrum, by using differential techniques
in radiospectroscopy,*® where the s/n ratio and the noise
are recorded separately.

All further steps in the processing of the NQR signal
are carried out on the computer.

—computation of the difference (in the differential
technique) simultaneously with the detection and suppres-
sion of the low-frequency interference in the region of the
signal;

—correction of the zero line;

—apodization, suppression of the higher frequencies;

—Fourier transformation

—determination of the relaxation components of the
exponentially-decaying curves;

—identifying the NQR lines with the various non-
equivalent sites in complex spectra, etc.’*>*

3.1. Fast Fourler transforms

Remote NMR inevitably entails the presence of a
highly nonuniform magnetic field in the region of the sam-
ple. Unlike NMR,* remote NQR does not require a strong
magnetic field, which is very difficult to “expel” outside of
the gap of a U-shaped magnet, and this severely restricts
the possibilities of remote NMR. On the other hand, the
detection of the nuclear quadrupole resonance of light nu-
clei by means of a unilateral coil involves a very weak
signal. To increase the signal intensity, some
investigators'** used rather large-volume samples to de-
tect the signal, but this method certainly cannot always be
used to separate the signal from the noise.

We have investigated the fast-Fourier-transform tech-
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FIG. 3. Splitting of the "*N NQR line in C¢H,,N,. a) Induction after a
single pulse; b) spectrum after Fourier Transformation.

nique in remote NQR as one of the steps in filtering the
signal from the background noise and increasing the reli-
ability of identification of the type of material.*?

The Fourier transform method can reduce consider-
ably the measuring time in pulsed spectroscopy. In NQR
the resonance lines lie in a very broad range from kilohertz
to a hundred megahertz, and the line width reaches a hun-
dred kilohertz. To use the Fourier transform method when
the band is of the order of 100 kHz wide it is necessary to
use a fast analyzer with a sampling time of the order of 1
us. To obtain the correct line shape it is also desirable to
use quadrature detection. In the experiment we used a
disk-shaped sample of (CH,)¢N,, whose distance from the
planar pickup coils could be varied.

Figure 3 shows the NQR signal of N at the frequency
3305 kHz at room temperature, and its Fourier transform,
where the sample was placed within an ordinary solenoidal
coil. The f pulse length was £,=60 us, the number of
samples was N=1024, and the spacing between the mea-
suring pulses was £,=20 us. One can readily see the split-
ting of the signal due to the dipole magnetic field of the
CH, group.

To “increase” the resolution we recorded the induction
signal with a 2.0 ms delay after the excitation pulse. (Good
results were also obtained by multiplying the signal by the
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FIG. 4. Decrease in the intensity of the N NQR signal in urotropine for
unilateral detection as a function of the distance. a) time dependence; b)
spectrum.

factor exp[(#/T,) —at?]) before carrying out the Fourier
transformation.

Figure 4 shows the NQR signals from N for the same
samples, but obtained by the surface-coil method, with the
sample located at various distances / from the coil. The
curve were obtained for different numbers N of data accu-
mulation. The last signal (/=5 c¢cm) was recorded with the
least detuning, and prior the Fourier transformation it was
multiplied by a factor exp (—¢/32) to decrease the noise
level. It can be seen that the resolving power decreases, but
the application of the fast Fourier transform method makes
it easy to identify the material and to increase the s/n ratio.
Hence the use of the fast Fourier transform method in
remote NQR with the data automatically being fed
through an interface into a DVK-3 personal computer is
entirely viable, even though this method with the use of
preliminary data accumulation with an AI-4096 certainly
increases the time spent in searching for a signal.
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3.2. Correlation spectroscopy

The correlation function is widely used in physics—
mainly for speeding up the identification of signals masked
by noise. The autocorrelation function is usually used for
the analysis of the degree of correlation in random pro-
cesses.

Autocorrelation can be used for the processing of data
of remote NQR spectroscopy, and in Ref. 34 examples
were presented that demonstrated the usefulness of this
method.

The induction signal at the output of the receiving
device of the NQR spectrometer after the action of the rf
pulse for the case of a single resonance line can be written
as

S()=S, exp( ——iz)cos Awt, (3.1)
2T%
where Ao is the detuning of the spectrometer away from
the resonance line, which has a Gaussian shape, and T7 is
the line width parameter.
The spectral density of the induction signal S(¢) will
have the form

2

T*
——;— (w——Aw)2]. (3.2)

U
S(w) =J—;—S0T{ exp

A calculation of the autocorrelation function from the sig-
nal (3.1) gives the expression

Css(r) = fw S()S(t—r)dt

—ﬁsﬂr* ex ———,TZ cos AwT (3.3)
T2 0T P Tary ' ‘
The direct Fourier transform of the correlation function
Cyss(7) gives the spectral density of the energy

S (w)= fw Css(T)e"dr

=72—T T225% exp [ — T (0—Aw)?]. (3.4)
To analyze the NQR spectra of 1*N we used the technique
and the programs described in Ref. 41 plus additional pro-
grams for the calculation of the correlation function. Fig-
ure 5a illustrates a plot of the free-induction signal from
the nitrogen nuclei in C¢H;,N, after the termination of the
rf pulse for unilateral detection with the use of a surface
coil. The measurements were carried out at room temper-
ature and 300 points of the free-induction signal were
taken with a sampling time #,= 10 us. The spectrum of this
signal, obtained by the Fourier transformation of the free-
induction signal, is shown in Fig. 5b. The autocorrelation
function of the free-induction signal is shown in Fig. 5c,
and its Fourier transform in Fig. 5d. One can readily see
the decrease in the noise level and the improvement in the
resolution of the spectrum (Fig. 5d) obtained from the
autocorrelation function of the free-induction signal. Be-
cause of the limited time window in which the free-
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FIG. 5. Use of autocorrelation (AC) to increase signal/noise ratio in
NQR of N,

induction signal is recorded, the random noise in the free-
induction signal leads to a nonuniform noise distribution in
the spectral density of the energy, with the noise amplitude
falling off with increased frequency. For the case of a sinu-
soidal signal the increase in the amplitude s/n ratio ob-

tained by calculation of the autocorrelation function is*

2BT 172

6= (m'f) ’

where B is the band width of the signal, T is the integration
time R is the power s/n ratio at the input.

In the work reported in Ref. 43, Roth used the Fourier
transform of the “power free-induction signal” equal to

P(1)=S(2)S*(2), (3.6)

where S(z) is the complex free-induction signal. The
method described in that work pertains to Fourier NMR
difference spectroscopy, developed by Ernst.** The main
achievement of this method is that the NMR spectra are
independent of changes in the magnetic field and of the
frequency of the spectrometer. We have used this method
to find the autocorrelation function of the ¥N NQR spec-
tra in CgH,N4. The lack of a quadrature detector allowed
us to record only the real part of the complex free-
induction signal (Fig. 6a). The imaginary part of the free-
induction signal (Fig. 6b) we calculated either directly by
means of the Hilbert transform (HT), which takes a great
deal of computer time, or using the sine- or the cosine

(3.5)
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Fourier transform (FT), as in Ref. 43. We also obtained
the autocorrelation spectrum (Fig. 6f) either directly from
the signals ¢ or d, or as the Fourier transform of the pre-
viously calculated “power free-induction signal” (2.6)
(Fig. 6e), which is faster.

The splitting of the NQR '*N line (Fig. 6d) gives rise
to a line with a frequency Av in the autocorrelation spec-
trum. The line with a frequency v, in the autocorrelation
spectrum is due to the imperfect experimental recording of
the free-induction signal, where, when the accumulation
time is long, a “dip” appears in the zero line because of
overloading of the receiving device after the rf pulse. This
distorts the power free-induction signal (Fig. 6e) and pro-
duces the v, line in the autocorrelation spectrum.

The calculation of the autocorrelation function of the
free-induction signal can therefore be used successfully for
separating the NQR signal from the noise. A helpful tech-
nique for this purpose may also be the calculation of the
autocorrelation spectrum, but NQR Fourier difference
spectroscopy cannot be applied for the recording of a single
line, while in the recording of multiplet NQR spectra it can
complicate the problem of identification of the lines, be-
cause the symmetry properties of the autocorrelation spec-
trum dictate that only the shift of the frequency is deter-
mined, and not its sign.

3.3. Fourler echo spectroscopy

It is well known that the decay of the spin echo signal
in NQR does not depend on the inhomogeneous broaden-
ing, but is governed only by the homogeneous broadening,
so that it is possible to improve substantially the resolving
power of the method in the analysis of the spin echo
envelope.*

The recording of the envelope of the spin echo signal
over the spin-lattice relaxation time 7T, when it is longer
than the free induction decay time T¥ makes it faster to
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accumulate the NQR signal in the remote regime, and con-
sequently facilitates the separation of the signals from the
noise.

On the other hand, the analysis of “slow beats” in the
spin echo envelope when the time interval between the 90°
and 180° pulses is varied is frequently difficult if there are
several beat frequencies.

Such problems in NQR echo arise in the study of in-
direct spin-spin interactions between nuclei, in the action
of magnetic and electric fields on the spin echo, and in the
study of the dipole-dipole interactions between close-lying
nuclei. The NQR method can be made much more infor-
mative if a fast Fourier transformation is carried out on the
spin echo envelope.’ Here the NQR line is effective nar-
rowed, and one can observe the effects of high resolution in
solids. However, this potential has not yet been realized.

To demonstrate the possibilities of the method of Fou-
rier echo spectroscopy that we have worked out,®* we
present a series of examples. Figure 7 shows the spin echo
envelope of '¥I nuclei in crystalline I, at 77 K for the
+1/2— +3/2 transition at the frequency 333.94 MHz. In
this crystal there are indirect spin-spin interactions be-
tween the iodine atoms. It is very difficult to determine
from the time-dependent picture the frequencies of the line
splitting due to the spin-spin interactions. Figure 7b shows
the results of a Fourier transformation of the envelope
(Fig. 7a), from which we find the frequencies of the “slow
beats,” 9.1, 16.9, 22.1, 27.3, 36.4, and 48.1 kHz, which
agree with the theoretical calculations.*’ Thus the fast Fou-
rier transform has made it possible for the first time to see
all the possible frequencies of the slow beats. In addition,
the constants J and X of the indirect spin-spin interaction
have been determined with greater accuracy, which is
greatly affected by the dead time of the receiver.

For the Br nuclei in Br, at 77 K, the use of the fast
Fourier transform method applied to the envelope revealed
four slow-beat frequencies, at 4.5, 7, 9, and 13 kHz, which
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FIG. 7. a) Detection of spin echo signal from the '¥’I nuclei in I, and b)
its Fourier transform.

differ from the results obtained previously from a analysis
of the time picture*® and affects the values of the constants
J and K. For Br,, J=10.4 kHz and K=1.1 kHz, while for
I,, /=28 kHz and X=1.1 kHz.

In Ref. 48, on the basis of an incomplete time plot and,
accordingly, an incorrect determination of the ratio of the
constants, the values /=7 kHz and X'=2 kHz were found
for Br, and /=14 kHz and X=3.5 kHz for I,, which are
quite different from the results of the present work. Four
frequencies were found in Ref. 48 for the slow beats for I,
and two for Br;; i.e., some of the frequencies were missing.

Figure 8 shows the nuclear spin-echo envelope in
KCIO; at 300 K and a frequency of 28.1 MHz. The slow
beats in this case result from the action of the Earth’s
magnetic field. The beats are seen because of the very nar-
row NQR lines in KCIO;. Figure 8b shows the results of
the Fourier transformation of the echo envelope. The
Earth’s field splits the NQR line of **Cl in KCIO, by 150

1204245 l

150 HZ ~——e

FIG. 8. a) “Slow beats” of the spin echo envelope of the ¥*Cl nuclei in
KCIO; and b) the splitting of the NQR line in the Earth’s magnetic field.
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FIG. 9. a) Time and b) frequency dependence of the spin echo envelopes
in KCIO; in an external magnetic field of 1.4 G.

Hz, which is unobservable by the method of steady-state
NQR.

The method that we developed was tested in an anal-
ysis of the NQR line shape in electric and magnetic fields.
Figure 9 shows the pattern of the slow beats in KCIO, in
an external magnetic field of 1.4 G (a) and the Fourier
transform (b) of this function. It can be seen that the NQR
line in the magnetic field has some inflection frequencies
(in this case two). According to Lucken,*® when a mag-
netic field is applied the distance between the two humps in
the NQR line shape of the powder for 7=3/2 is equal to
2v, 7, where v, is the Larmor frequency of the 3°Cl nuclei
in the magnetic field B, and 7 is the asymmetry parameter.
Knowing the exact value of the magnetic field By, one can
determine the asymmetry parameter for spin 3/2, which
cannot be done by any other method. An estimate gives the
value 7=0.2 for KCIO;.

Figure 10 shows the pattern of slow beats in a pulsed
electric field of 6.3 kV/cm at the 2Bi nuclei in BiCl,. The
Fourier transform (b) of this function shows a compli-
cated shape, containing three slow-beat frequencies. Three
slow-beat frequencies, 4.2, 12.6, and 21 kHz, were obtained
from the Fourier transform for the 7/2-9/2 transition of
the Bi nuclei in BiCl; with £=6.3 kV/cm at 77 K, whereas
in Ref. 48, on the basis of an analysis of the time depen-
dence only one frequency was taken into account. This
complicated NQR line shape for a powder in an external
electric field was not taken into account by Ainbinder and
Shaposhnikov;48 rather, they assumed an idealized line
shape with a single slow-beat frequency, and hence they
could not explain the unequally spaced zeros of the slow
beats.

When an electric field is applied the NQR line shape is
determined by the convolution of the line-shape function in
zero field, g(®), with the function ng(w), which describes
the shape of the single-crystal line in an electric field E
(Ref. 50):
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FIG. 10. a) Beats in the spin echo envelope of **Bi nuclei in BiCl; in a
pulsed electric field of 6.3 kV/cm and b) spectrum of the beats.

I = [ ngtw)g(0’0)da, a7
o —Qdop

According to Plancherel’s theorem, the Fourier transform
of expression (3.7), i.e., of the convolution, is equal to the
product of the Fourier transforms of the cofactors of the
convolution. The function F[7z(®)] in the case of a pulsed
electric field modulates the spin echo envelope after two-
pulse excitation. For the case of a powder and with EL B,
this envelope varies according to’!

2
Fng(o)]~= [1—(Awgr) 2]sin(Awgr)

cos(AwgT) (3.8)

Awgr

From the experimental data one usually determines the
NQR line shape factor in a field “B” and the frequency
shift by the formula for the zeros of the echo beats

Awgr

“B(dawgr) (3:9)

=tan(Awgr).
The accuracy in the determination of the frequency shift
can be significantly increased by using the Fourier trans-
form of the spin echo envelope. For example, if the beats of
the spin echo envelope in the compound Gel, for the I
nuclei (1/2=3/2, vp=225.088 MHz, E=15kV/cm),* as
shown in Fig. 11a are recorded by a synchronous detector,
then they will have the shape shown in Fig. 11b. For com-
parison, Fig. 11c shows the theoretical curve (2) with
Avg=15 kHz. Figures 11d, and 1le show the Fourier
transforms of the curves b and c, respectively, taken at
4096 points (A7=0.5 us).

The NQR line shape for an asymmetry parameter
750 in a magnetic field is similar to that in an electric
field, a fact that must be taken into account in developing
a theory of slow beats in powder samples.
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FIG. 11. Fourier NQR echo spectrum of '2’I in Gel, in an electric field.
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The Fourier transform (b) of the spin echo envelope of
the "As nuclei in AsBr; is shown in Fig. 12. The figure
shows the splitting of the arsenic lines due to the direct
dipole-dipole interactions with the bromine nuclei.

These investigations show that working in the time
domain with the slow beats in the NQR spin echo envelope
reveals many features of the phenomenon that have led to
an incorrect analysis of the results.*® In particular, the the-
oretical calculations of the spin echo envelope in a pulsed
electric field with a single slow-beat frequency*® are not
supported by experiment, which indicates the incorrect av-
eraging in the powder sample, as well as the not completely
correct calculational method of Das and Saha, which is
appropriate only for zero detuning. The spin-echo envelope
recorded by varying the time interval between the 90° and

'zsﬁﬁsl

0.6kHz

FIG. 12. a) Decay of the spin echo amplitude and b) NQR line splitting
of *As in AsBr; due to the heteronuclear dipole-dipole interaction.
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the 180° pulses is similar to the decay in the magnetization
recorded in the multi-pulse experiment of Carr and Pur-
cell.

The method of Fourier echo spectroscopy developed
for NQR makes it possible to obtain experimental results
more reliable than those obtained by an analysis of the
curves in the time domain. Moreover, the use of the Fou-
rier echo spectroscopy permits optimization of the data
accumulation time for improvement of the s/n ratio.

3.4. The maximum entropy method in NQR

The maximum entropy method and its different vari-
ants is used in the spectral analysis, for the detection of a
signal with given parameters above the noise background.
In recent years these methods have begun to be used to
reduce the noise level and increase the resolution in the
analysis of NMR spectra,” in electron spin resonance,
and in nuclear quadrupole resonance.”’ Compared to ordi-
nary NQR with discrete Fourier transforms, the maximum
entropy method also makes it possible to increase the sen-
sitivity in recording two-dimensional NQR spectra.’® For
the simultaneous improvement in the resolution and the
suppression of the noise in nuclear magnetic resonance,
this method is used in combination with the deconvolution
(inverse convolution) with, for example, a Lorentzian line
shape.’*%

Nuclear quadrupole spectroscopy has its own peculiar-
ities, associated not only with differences in instrumenta-
tion, but also with the range of frequencies, the widths of
the spectral lines, and the intensities of the signals. Follow-
ing Laue ez al.,®! we look for the spectrum®’ using the
“Cambridge” algorithm, which has been described in de-
tail in Ref. 62. This maximum entropy algorithm consists
of sifting among the possible test spectra for the highest
entropy H and the smallest mean square statistical devia-
tion y? of the real data M, from the test data M, that are
observed for a hypothetical spectrum #, . The experimental
data M, represent the decay of the free-induction signal
and are fed to the computer from the *N NQR spectrom-
eter. The normal operation of the algorithm presupposes
the correct phasing of the experimental data.

The data M, are found as the inverse Fourier trans-
form of the test spectrum #,. The final result does not
depend on the starting point of the iterations, i.e., on the
initial test spectrum.

Since the entropy H is a nonlinear function, the pro-
gram goes through an iteration process in which the test
spectrum must be changed many times, 7, —#,+46n,. The
variation of the test spectrum

' oH
o, TV ox,

én,=u (3.10)
proceeds in the direction of lowering ¥ and increasing H;
here u and v are coefficients and

oH -
— ~const—In #,,.

a7, (3.11)
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FIG. 13. Use of the maximum entropy method in remote detection of
NQR of “N.

In the use of the inverse Fourier transform the test
data 77, are transformed from the frequency domain to the
time domain

N-1
M,=exp(—kt) 2 7, exp(—2mivtN™'). (3.12)
v=0

They reproduce the measurement process. The gradient
a)//aﬁv is found as the Fourier transform of the quantity

Ay? _
a—Tm=2(M,—M,)o;2.

t

(3.13)

Both of the Fourier transformations are carried out on a
function first multiplied by exp(—kt) for stability of the
numerical procedure.

The iteration process terminates when y>~N (the
number of points of the spectra) and when Vy? and VH
are parallel. The data analysis was done with the program
“MME”, developed and appended to the program written
for the analysis of NQR data and described in Ref. 41.
Figure 13 illustrates the effectiveness of the maximum en-
tropy method for the analysis of remote NQR signals:
Curve a is the *N NQR spectrum from C¢H,,N, for uni-
lateral detection with a surface coil and curve b is the same
spectrum after 10 MME iterations. The number of points
in this example is 512.

The use of the maximum entropy method has shown
that it is an effective method of mathematical data process-
ing of NQR signals that increases the signal/noise ratio.
This is important because the number of sweeps available
in collecting the data is limited by the stability of the spec-
trometer and the experimental time. Naturally, the maxi-
mum entropy method can be used only for signals for
which the s/n ratio is greater than unity.
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FIG. 14. Calculated sensitivity profile of a round surface coil.

3.5. Recelving and transmitting antennas

In the simplest case for the application of remote
NQR, a planar round surface coil can be used that serves
both as the transmitting and receiving antenna, and is
placed above the region where the sample is located. Be-
cause of the nonuniformity of the rf field of this coil, it
receives the NQR signal from the region of the sample
bounded by the circumference of the coil to a depth into
the sample from the center of the coil about equal to the
coil radius. We have calculated the sensitivity profile of
such a coil of radius R for a plane lying parallel to the
plane of the coil at a different distance /. This profile is
shown in Fig. 14. The sensitivity is indicated by the vertical
coordinate. The side of the base of the cube in which this
profile is plotted is equal to 2R and its center coincides
with the center of the coil. The surface-coil method was
used with a standard pulsed NQR spectrometer® after a
simple modification of the pickup. To increase the sensitiv-
ity with increasing distance from the sample, it was found
advisable to increase the diameter of the plane coil, which
leads to difficulties associated with preparing and tuning of
large rf coils, as well as shielding them from interference.

In the spectrometer the receiving and transmitting
coils can be different. The two-coil design reduces the di-
rect reception of the signal during the time of the rf exci-
tation pulse, but it should be kept in mind that in some
cases when the receiving and transmitting antennas are
mutually perpendicular the NQR signal cannot be de-
tected.

To study samples at a distance from the NQR sensor,
coils can be used that are in the form of two solenoids with
current flow in opposite directions® or that have ferrite
cores,® thus increasing the amplitude of the rf field and
improves the uniformity of the field at the location of the
sample.

To “extend” the rf field outside of the bounds of the
coil one can use cnposed coils. The results obtained by
Rath er al.% led to the conclusion that opposed coils pro-
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FIG. 15. The quantity B./I as a function of z for single-turn coils of
different radius: /) R=5cm; 2) R=10cm; 3) R=15cm; 4) R=20cm.

vide a more uniform B, field and a better spatial selectivity
than ordinary rf coils. Opposed coils can be used either as
the excitation coil or as the receiving coil. When a single
coil is used its dimensions must be chosen so that its de-
tection properties dominate over its excitation properties.!*
As the dimensions of the surface coil are increased the
uniformity of the field is improved when the coil is used as
the irradiation coil and the sensitivity is improved when it
is used as the receiving coil, and thus the power require-
ments of the spectrometer and the resonant frequency of
the circuit are reduced. The use of high-Q remote coils
constitutes the principal obstacle to decreasing the recov-
ery time of the system after the irradiation pulse. Unfortu-
nately, in the NQR of low-frequency nuclei such as N, it
is necessary to deal not only with a low signal intensity and
the long times T, but also the short times T% .

If the z axis is taken perpendicular to the plane of the
irradiation coil out from its center and B, is the magnetic
induction along the z axis, R is the radius of the irradiation
coil, and [ is the current in the ring, then the optimum
relation between R and z is given as R=v2z. The unifor-
mity of the magnetic field along the z axis can be increased
by increasing the diameter of the irradiating coil. The de-
pendence of the quantity B,/I on z for a single-turn coil is
shown in Fig. 15. It can be seen that for R ~ 15 cm the field
B, falls off by at most a factor of two with increasing z up
to 16 cm. Thus the optimum distance z for the detection of
NQR will be of the order of the radius of the irradiation
surface coil.

Let us assume that for some reason we cannot achieve
the condition of 90° pulses, Eq. (2.1), by increasing the
power of the pulse transmitter (the power in a pulse cannot
exceed 2—4 kW). The power requirements of the pulses can
be considerably reduced by the use of the optimum detun-
ing of the rf carrier pulses.

The maximum amplitude of the induction signal that
can be fed into the coil after the operation of the rf pulse,
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for conditions of a uniform rf field B, is given for a
powder®’ by

_ N#iwg sin P— P cos P
I 3= 7

where P=2yB,t,. Then the 90° condition for the rf pulse
will be

2y B,t,,=~0.66.

(3.14)

(3.15)

For a planar transmitter coil and a relatively large sample,
as in our case, the B field is nonuniform and the concept
of a 90° condition has no meaning in the usual sense. At
first, as the rf pulse is lengthened, the amplitude of the
induction signal increases, and then remains essentially
constant during the time that the 90° condition, when it
ceases to be satisfied of one element of the sample, begins to
be satisfied for another element.

For the case of unilateral detection we used two planar
transmitting-receiving coils. The first is a planar coil
mounted in a litz-wire fashion: the inner diameter of a
winding is 50 mm and the outer diameter is 100 mm. The
second coil is a planar spiral coil printed on a fiberglass
laminate of diameter 200 mm. It should be noted that the
operating coils must be well shielded, since there is a great
deal of interference in the operating range, and the larger
the radius of the coil, the more difficult is it to eliminate the
interference.

It is therefore clear that with a comparatively low-
power transmitting oscillator it is possible to detect NQR
signals from N at a considerable distance from the irra-
diating surface coil, which is simultaneously used as the
receiving coil for the receiving circuit.

The prospects for the development of remote NQR are
linked with the development of a technique that will sub-
stantially increase the sensitivity of the spectrometer.

4. TWO-DIMENSIONAL TWO-FREQUENCY NQR
SPECTROMETER IN REMOTE OPERATION

The main problem in remote NQR is to achieve long-
range detection of compounds in which all the other pa-
rameters are already known, unlike in the case of ordinary
(not remote) NQR, which is used as an instrument for
studying matter at the molecular level. In addition, there
exist a range of problems where the parameters of the
NQR must be determined using only the remote mode of
operation (nondestructive monitoring of biological objects,
measurements in media that are corrosive or dangerous to
life, etc.). Moreover, before addressing the problem of the
remote detection of explosives and narcotics, it is necessary
to determine the principal, most characteristic parameters
of NQR of these materials. It is therefore necessary to
discuss for a time a new method, whose effectiveness is
retained under the conditions of remote NQR detection.

Progress in nuclear quadrupole resonance is in many
ways bound up with the development of pulsed methods.
The two-frequency method is an important one of these;® it
provides additional information on the nonlinear proper-
ties of a spin system.
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In Ref. 9 we pointed out for the first time that two-
frequency methods based on NQR are equivalent to a two-
dimensional NMR frequency experiment. Here, the off-
diagonal signals of the two-dimensional spectrum, which
indicate the transfer of magnetization between different
states, are equivalent to the additional signals of the two-
dimensional quadrupole echo.

At the present time two-dimensional (2D) spectros-
copy in high-resolution NMR in a strong magnetic field
has been well worked out.®® This is the two-dimensional
correlation spectroscopy (COSY), where two spectra are
mutually correlated on the basis of the bonding, or other
cases where the exchange or cross-relaxation transitions
lead to cross-peaks in the 2D NMR spectra.

The method of 2D spectroscopy has been applied suc-
cessfully to NMR and NQR in zero field,*>”° but the tech-
nique of cycling the field and indirect detection greatly
complicate the apparatus and increase the experimental
time; moreover, it is possible to operate only in the low-
frequency region (below 1 MHz).

We have established a connection between the time of
appearance of the two-frequency signals in the program
“kvadrat” and the coordinates of the cross-peaks of the 2D
NQR spectrum, and have implemented experimentally
two-dimensional NQR spectroscopy for the direct method
of detection. Such an approach to obtaining two-
dimensional NQR signals has been developed for the first
time. The advantage of this method is mainly the large
increase in the number of compounds that can be
detected—particularly in the region of high NQR frequen-
cies.

The sensitivity of 2D experiments cannot be higher
than that of 1D experiments, but frequently it is necessary
to make a large number of 1D experiments in order to
obtain the same information; that is, the information con-
tent of the two-dimensional experiment per unit time is
much greater than even though the sensitivity is low. The
two-frequency NQR methods, in particular the method of
two-frequency spin echo, was developed in 1967.% In fact,
these were the first two-dimensional experiments of a
pulsed type in radio-frequency spectroscopy, and were car-
ried out prior to the NMR experiments.®* 7 It is true that
computer techniques were applied earlier in NQR experi-
ments. This probably explains why the first two-
dimensional experiments are attributed to Jeener.®® The
two-frequency spin echo spectra® already contain all the
information that can be obtained from computerized two-
dimensional NQR spectra (quantum beats, the assignment
of the lines).

By the use of computer techniques in the two-
frequency method one can obtain a two-dimensional image
of the NQR spectra.

An increase in the clock frequency to 53 MHz in mod-
ern personal computers (in the PC “Kompan” the clock
rate is 12 MHz) would greatly shorten the signal accumu-
lation time in remote NQR and in two-dimensional spec-
troscopy.

A typical two-dimensional experiment consists of four
parts: the preparation, the evolution, the mixing, and the
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detection.”! During the preparation part, a coherent, non-
equilibrium state of the spin system is created. During the
evolution, the spin system develops under the action of the
effective Hamiltonian, which, as necessary, is varied by
turning on and turning off resonance, homo- and hetero-
nuclear decoupling, magic numbers of rotations, etc. Dur-
ing the mixing there is a transfer of the magnetization,
which is also characteristic of the system under study. In
the detection stage the magnetization is determined by the
measurement of the signal S(¢,,4,), where ¢, is the duration
of the evolution period and ¢, is the time of observation of
the signal during the detection.

The function S(#,t,) is then subjected to a two-
dimensional complex Fourier transformation and is con-
verted to a two-dimensional spectrum, which is used for
the study of material systems with a complicated spectrum,
in which complicated exchange processes occur.

In strong-field NMR the 2D technique, by virtue of the
correlation of the various pwoder spectra, can sometimes
be used to create a characteristic and interpretable model.

In principle, it is possible to apply to remote NQR all
the methods that have been worked out for two-
dimensional high-resolution NMR,®® and thus it is possible
to study exchange or cross-correlation processes with the
aid of the cross-peaks. However, this concept in NMR is of
no interest with respect to solids, since NMR powder spec-
tra in a strong field do not contain any additional informa-
tion. Experimental two-dimensional NMR or NQR spectra
in zero field (not remote) for deuterated systems were re-
ported for the first time in Ref. 69, and for the case of
excitation with a low-frequency pulsed field in Ref. 70.
Two-dimensional NMR and NQR (/=1) spectroscopy in
zero field® has proved to be suitable for the analysis of
complex spectra. However, even though the technique with
circulation of the field® involves a sharp increase in the
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FIG. 16. Two-dimensional NQR spectrum of N from
urea.

sensitivity of the NQR spectrum of "N and 2H in the
low-frequency region below 1 MHz, two-dimensional spec-
troscopy in zero field requires a large expenditure of time
in the experiment, since for each cycle of variation of the
field no more than one point of the two-dimensional func-
tion S(#,,t,) is recorded, and even this may require signal
accumulation. The main point is that this technique essen-
tially is inapplicable to remote NQR.

While in the ordinary (direct) pulse method of detec-
tion the two-dimensional response function S(r,t") is re-
corded after two rf pulses, the Fourier transform makes it
possible to obtain the two-dimensional spectrum S(w,,®,)
even under remote conditions; here 7 is the delay time
between the pulses ¢’ is the instantaneous time reckoned
from the time the second pulse is applied.

In Fig. 16 we illustrate an experimental two-
dimensional "N NQR spectrum that we took’? in this way
at 77 K from CO(NH,), at the frequency v, =2917.7 kHz
(the detuning relative to the specified frequency is laid out
along the axes). The corresponding one-dimensional spec-
trum is shown in Fig. 17. The function S(r,t’) was re-
corded in the experiment over 128X 128 points. On the
topogram of this spectrum one can readily see the asym-
metry of the two-dimensional spectral line, caused by the
difference in the relaxation times 7% and T, in this com-
pound. The experimentally recorded envelope of the induc-
tion signal at the nuclear quadrupole resonance has a non-
Gaussian shape and does not have cylindrical symmetry
about the origin #; =1,=0. As a result, the two-dimensional
pure absorption peak also does not have cylindrical sym-
metry and is accompanied by a “star-like effect.” This ef-
fect can be eliminated in a number of cases by a Lorentz—
Gaussian 2D transformation.®

The Fourier transformation is ordinarily used in radio
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FIG. 17. a) Echo signal in urea at the frequency v, =2911 kHz at 77 K,
2,=50 ps, £, = 100 us, £,=20 us; and b) Fourier transform of the urea
echo using 4096 signal points.

spectroscopy in the spectral analysis of the response of spin
systems. In other areas of study, in holography, for exam-
ple, a technique that has lately been used successfully for
information processing is the Hartley transform,”® which
has a number of advantages in the analysis of large se-
quences of real one-dimensional and two-dimensional data.
Unlike the Fourier transform, which maps a real function
into the complex plane and is asymmetrical in #, with the
Hartley transform the direct and inverse transformations
are only in the real region, and it possesses the symmetry
mentioned above. The handling of real data does not re-
quire operations with complex quantities, and therefore the
Hartley transform algorithm uses only half the machine
time used for the Fourier transform.
The discrete Hartley transform

N-1

H(»v)=N"' Y f(r)cos(2mvrN~") (4.1)
=0

makes it possible to obtain the power spectrum without the

use of the complex plane, directly from H(v) with the use

of the relation

P(v)=(H(v))+ (H(N—v))~. (4.2)

The analysis by the discrete Hartley transform of two-
dimensional digital images also has advantages over the
discrete Fourier transform. Bearing this fact in mind, to
obtain two-dimensional power spectra in NQR we used the
two-dimensional discrete Hartley transform in addition to
the discrete Fourier transform:
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| M=t A

Hvwv) =33 2 2 flrm)

V2 120 =0

X cos[ (2mvim N7 ') + (2mv,mNy D 1
(4.3)

Representing the two-dimensional spectra in the form
of absolute values of expression (4.3), (the square root of
the power spectrum ), we eliminate the necessity of making
a phase correction. It is true that the 2D spectrum repre-
sented as absolute values has a much poorer resolution
compared to the pure absorption mode, and therefore we
did not use this scheme for the spectra that have close-
lying peaks.

The known method of obtaining 2D NMR spectra has
the following drawbacks in NQR spectroscopy.®® When
there are non-equidistant systems of energy levels, then in
the case of NQR there is no known way of mixing whereby
the magnetization can be transferred via the excitation of
forbidden transitions in systems with spin =1, 5/2, 7/2,
and so forth. As a result, even when the working frequency
of the NQR Fourier spectrometer is tuned so as to encom-
pass the entire region where the spectral lines may possibly
lie, the two-dimensional NQR spectrum will not contain
cross-peaks that show how the spectral lines relate to the
same nucleus. Therefore with the known way of obtaining
2D NQR spectrum one loses a significant part of the in-
formation concerning the system being studied.

Moreover, tuning the frequency of the NQR Fourier
spectrometer to record the entire NQR spectrum requires
each time a new measurement of S(#,f,) and a calculation
of S(w,,w,), which greatly increases the time required to
obtain the 2D spectrum.

We have proposed a method for increasing the infor-
mation content and reducing the time required to collect
2D NQR spectra by measuring and analyzing the two-
frequency NQR spin-echo signals at adjacent transitions.”®

This goal is achieved in the following way. In the fa-
miliar method of recording 2D spectra, which includes
measuring the transverse magnetization in the form of a
two-dimensional function of the instantaneous time and
the time of evolution after the stages of preparation, evo-
lution and mixing, and subsequent two-dimensional Fou-
rier transformation, one records the net magnetization due
to the mixed transitions of one and the same nucleus after
the creation of coherent nonequilibrium states and mixing
with the aid of a two-frequency pulse sequence program.
This method is different from others in that during the time
of preparation of the spin system and during the mixing
period two pulse frequencies are used at the same time,
with frequencies close to those of adjacent transitions of
the nuclei under study. The varying magnetization is re-
corded by not just a single receiving device, tuned to a
single frequency, but by two, tuned to the two operating
frequencies, and the detection is done by two synchronous
detectors.

For a spin quantum number /=5/2 and zero asymme-
try parameter of the crystal electric field gradient, =0,
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the transition +1/2— £5/2 has zero transition probabil-
ity, and cannot be observed.’

We have excited the transitions £1/2—- +3/2 in the
12T nuclei (14.7 MHz) and £3/2— %5/2 (29.4 MHz) in
CdI, by a pair of pulses of duration ¢, and ¢, separated by
a time interval 7 (using the program “kvadrat™®).

The responses S (7,2) and S,(7,2) of the spin systems
at the frequencies w, and o, after the two pulses were fed
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FIG. 18. Two-dimensional NQR spectrum of
1271 in CdI,.

into the ‘“Kompan” personal computer, they were
summed, and from this function we carried out a two-
dimensional complex Fourier transformation; here ¢ is the
instantaneous time counted from the start of the second
pulse. The two-dimensional spectrum S(®,,»,) was con-
structed and the plotted out on the printer with the pro-
gram “Surfer.”

In the NQR spectrum of > in CdI, shown in Fig. 18

FIG. 19. Two-dimensional spectrum of '*' in
Cdl, obtained by the standard method.
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FIG. 20. Block diagram of a two-dimensional two-frequency NQR spec-
trometer. MO—master oscillator; FC—frequency channel; CD—
synchronous detector; AD—analog/digital converter.

one can see, in addition to the transitions at the frequencies
o; (147 MHz) and o, (29.4 MHz), a transition at o,
(44.1 MHz), which is absent in the single-frequency vari-
ant. In addition, one can see cross-peaks with coordinates
(14.7, 29.4) MHz and (29.4, 14.7) MHz, including the
corresponding forbidden transitions: (14.7, 44.1) MHz
and (29.4, 44.1) MHz (Refs. 21 and 75).

Figure 19 shows a two-dimensional NQR spectrum of
1271 in CdI, at T=298 K, obtained by the one-frequency
method.”

This method of obtaining 2D NQR spectra can be im-
plemented by any two-frequency NQR pulse spectrometer
with Fourier transform capabilities. A block diagram of
the apparatus for obtaining two-dimensional two-
frequency NQR spectra by the direct method is shown in
Fig. 20. The pulsed coherent NQR spectrometer has two
independent channels of excitation and reception of the
signals of the two-frequency echo. The operating frequency
is provided by MO1 and MO2 master oscillators (using a
Ch6/31 frequency synthesizer). The programmer PG gen-
erates the series of pulses and controls the operation of the
entire spectrometer. The signals at the frequencies w, and
o, of adjacent transitions are picked up by the receivers,
and after detection by the synchronous detectors SD1 and
SD2, they are converted to digital form by the analog-to-
digital converters AD1 and AD2. The signals of the two-
frequency spin echo from the two transitions, which rep-
resent the time-dependent responses of the sample to the
two-frequency excitation sequenced according to the
“kvadrat” program, for example, are entered into the
memory of a microcomputer through matching device. In
a single measurement one row of the two-dimensional
function S(r,t) is recorded, corresponding to the given .
The programmer changes the delay 7 between pulses with
the required step, that allows a recording of the entire
matrix S(r,t).

Let us now consider the excitation of a two-frequency
spin echo of the '*N nuclei. The times that the two-
frequency echo signals appear for the '*N nuclei according
to the program “kvadrat”’® are shown in Table V. The
Fourier transform of the function S(7,t), where 7 is the
time interval between pulses makes it possible to obtain the
two-dimensional NQR spectrum. It can be seen from Table
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TABLE V.
Excitation Carrier Appearance Time of Coordinates in the
Frequencies Frequency Two-Frequency Echo :Two-dimensional
‘Spectrum
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V that the cross-peaks of the two-dimensional spectrum are
equivalent to the times of appearance of the signals in the
two-frequency method.

If the one-dimensional NQR spectrum of N contains
more than one or two lines we inevitably encounter the
problem of correlating the multiplets and identifying the
coupled transitions. This and other more detailed informa-
tion on the spin system is provided by two-dimensional
NQR spectroscopy.

We have established’® a connection between the times
of appearance of the two-frequency spin echo signal for the
“kvadrat” program (/=1) and the coordinates of the 2D
NQR spectrum. We calculate the complex intensities of the
peaks of the 2D spectra, the amplitudes for the transfer of
coherence, and establish a relation between the 2D NQR
spectra and the various sequence programs of the two-
frequency excitation. Of particular interest is the symmetry
of the 2D spectra.

The reaction of the spin system after the preparation
and mixing pulses according to the “kvadrat” program will
be described by the density matrix

(T, =S(7,) poS~H(11),

where

(4.4)

S(r,t) =exp(—iHpt)exp(—iH{Mt,)

Xexp(—iHgr)exp( —iH®t,);

p TN
“n 3kT

where a=y B, sin 0¢t,, n=+, —, 0.

t is measured from the start of the second pulse, and the
indices P and M denote the Hamiltonians of the interaction
with the rf field at the preparation and mixing stages, re-
spectively.

The net signal at the detection stage can be represented
without taking into account the line width as®®

G(rt)= Z €xp (iwr(nd)t)zxwmw,. CXP( ?:iw,(,e)’f),

e (4.5)

where Z,, ,, defines the intensity and the phase of the
peak with the coefficients [wf,‘,” » F coff’]. The superscripts
d and e denote the frequencies that are related to the pe-
riods of detection and evolution. Let us consider the case of
echo and anti-echo signals in the two-dimensional spec-
trum (the N and P peaks.®® It is evident that the coher-
ences excited in the preparation stage contribute only to
the anti-echo signal (the P peak).

The complex amplitude of the coherences after the
preparation stage for the ‘“kvadrat” program can be ob-
tained in the form of the matrix elements

i cos @ - sin a - [sin? pwy+cos a(cos? pw , +sin® pw_)] w,
sin @ - sin a - [cos? @ (1 —cos a)wy—cos aw] o_,
isin @ cos @ - (1—cos @) [sin? ¢(1—cos a)wy+w_+w, cosa] ] wp

(4.6)

The complex amplitude for the transfer of coherence from the transition with the frequency w, to the transition with
the frequency —a,, during the mixing process in this same program will be determined by the matrix elements

P—d)md)

—w, —
2

cos? @ - sin
isin @ - cos @ - sin a’

sin @ - cos? @ *sina’(1—cos a’)

where a’ =y B, sin 6t,; m, n=+, —, 0.

The matrix elements of the operator of an observed
quantity can be written as

1, = (sin@-cos@p, —isin@-sing, cosH). (4.8)
Then the complex amplitudes of the two-frequency spin

echo signals and the N-peaks of the 2D NQR spectrum
will be equal to the product of the matrix elements
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a’ isin @ - cos @ - sin’ a’
—sin? @ - sin

—isin’ @ cos @-sina’(1—cos a’)

_.wo

—sing-cos’ @-sina’(l1—cos a’) o
¢ +

a’ —isin? @ - cosp-sina’(l—cosa’) |o_;

—sin’ @-cos? p(1—cosa’)? | @
(4.7)

Z_yo=IoR o .P (4.9)

TOm@y @y

In the simpler cases, where the preparation and the
mixing of the systems occur with a single rf pulse at the
frequency @ or w_ the complex amplitudes of the coher-
ences will be equal, respectively, to

—isina-cos a\ o
ﬁNw+( ) +

= 0
Po, =31 o_, (4.10)
0 Wo
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where a=y B, sin 8 cos ¢t,,, and

AiNw 0 O+
Pwn=—3—k?_ —sinc:)-cosa (;))_, (4.11)
0

where a=y B, sin 8 sin ¢, .
The complex amplitudes for the transfer of coherences
will be, respectively,

-, —w_ —
sin? ' 0 0 o,
R_ = . .
Omen 0 0 isina’ |o_» (412)
0 —isina’ 0 g
|
R“’m“’n
@, o_

cos a’ - (sin? p+cos® @ - cos a’)

—ising@-cos @ -cosa’(l—cos a’)

sin @ - sin @’ (sin? @+ cos? @ - cos )

and for a single mixing pulse at the frequency w_ and &_
we have, respectively,

. w_ Wy
2
(+) _ cos” a 0 0 |o,
Om®n 0 cos a’ 0 |o_- (4.15)
0 0 cosa’'f wy
W, W_ @y
’ b ’
- _ cos a 0 sina’ o,
Omn 0 cos’ a’ 0 lo_ (4.16)
sin a' 0 cosa’ [wy

The two-frequency spin-echo signals and the N and P
peaks of the 2D NQR spectrum of *N for various pro-
grammed sequences are illustrated in Fig. 21. The diagonal
and cross peaks in this figure are shown for simplicity as
absolute values, although in reality in the transfer of co-
herence they have different phases depending on the
lengths of both the preparation and the mixing pulses. The
same can be said of the amplitudes of the peaks of the 2D
spectra, which for simplicity are shown equal. Moreover,
the nonuniformity of the internal electric fields at the res-
onant nuclei causes the signals to be elongated to an extent
determined by the width factor 1/7°% along the “comb” in
the 2D spectrum, passing through the origin of the coor-
dinate system, a feature that also is not shown in Fig. 21.
The relaxation mechanisms of the spin system will deter-
mine the shape of the lines in the 2D NQR spectrum, as
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isin@-cos¢-cosa’(l—cosa’)
cos a’ - (cos® @+sin® @ - cos a’)

isin® @ - cos ¢ sin @’ (1 —cos a’)

where a’ = y B, sin 6 cos ¢t,, and

—w, —ow_ —wy
0 0 0 |o,
R—mmwn= 0 ——isin2 a’ 0 w_ (413)

0 0 0 |

where a’ = y B sin 8- sin ¢t,,.

The complex amplitudes of the P peaks of the 2D
NQR spectrum are also determined by the product (4.9),
but the values of the transfer of the coherences will here be
different. For example, for the two-frequency mixing (.
and w_) according to the “kvadrat” program, we have

@g
—sin @ - sin @’ (sin? +4cos? ¢ - cos &) o,
isin® @ cos @ - sin @’ (1—cos a’) w_>

(cos? @+sin? @ - cos a’) (sin® p+cos® @ - cos @’) | @y

(4.14)

will the law of the decay of the echo, including the solid
echo, with allowance for the dipole-dipole interaction of
two kinds of spins.

Thus we have obtained the amplitudes and phases of
the lines of the 2D NQR spectra recorded with various
two-frequency excitation programs. This capability makes
it possible to optimize the experimental arrangement with
the use of two-frequency 2D NQR spectroscopy of “N to
determine the correlation of the transitions of coupled spin
systems by the transfer of coherence from one transition to
another in the mixing process.

Figure 22 shows a two-dimensional NQR spectrum of
¥N in C;H¢NOq. The diagonal cross section of the spec-
trum corresponds to a one-dimensional spectrum (the v
and v_ lines). Because of the coarse scale, the close-lying
triplet lines due to the three nonequivalent nitrogen sites
are not resolved in the main peaks or in the cross peaks.
The intensities of the cross peaks depend on the durations
of the excitation pulse lengths. The two-dimensional NQR
spectra of N in the high-frequency region were obtained
in this investigation for the first time with the use of the
special program for the “Kompan™ computer.

The two-dimensional spectrum similarly obtained
from the response of the NQR system to two-frequency
excitation according to the “kvadrat” program® is wholly
equivalent to the spectrum with cross peaks discussed
above. Conversely, knowing the positions and intensities of
the cross peaks in the two-dimensional spectrum, one can
determine the times of appearance and the intensities of the
two-frequency signals in the “kvadrat” program.

In this way, the use of the two-frequency method in
two-dimensional NQR spectroscopy opens up new possi-
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bilities for enhancing the information content, while the cross peaks, which belong to one nucleus and forbid-
use of the two-dimensional spectra has allowed us to pro- den transitions.
pose a new means of attributing the NQR lines to specific 2. Faster acquisition of the 2D spectrum because of
nonequivalent sites of the nitrogen nucleus in the crystal. the simultaneous recording of the two-frequency sig-
The appearance of forbidden transitions in the two- nals from adjacent transitions.
dimensional spectrum is due to mixing of the quantum 3. A much larger number of compounds that can be
states during the two-frequency excitation. Both the main studied, particularly in the high-frequency region.
signals and the cross peaks of the two-dimensional spec- The principal difficulties associated with remote 2D

trum have intensities and phases that are determined by  spectroscopy are related to the low signal levels of remote
the duration and initial phases of the excitation pulses. The =~ NQR and the poor resolution of the lines. At the same time
excitation of forbidden transitions and the presence of  the 2D regime can be used successfully for identifying the
cross peaks in the case of several nonequivalent sites of the NQR lines in the study of explosives.

nuclei in the sample permit a unique identification of the

NQR lines. Thus we have shown for the first time that

in the two-

forbidden transitions can be observed

dimensional NQR spectra.

5. NUCLEAR QUADRUPOLE RESONANCE IN EXPLOSIVES

The proposed method of obtaining two-dimensional

NQR spectra has the following advantages over existing A number of papers'*3*”7 have been devoted to the
methods: detection of NQR of “N in nitro compounds. These papers
1. A greatly enhanced information content of the two-  have focused mainly on the measurement of the parameters

dimensional NQR spectra due to the appearance of  of the NQR spectra for cyclic nitrogen, and only in a small
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number of compounds—the NQR spectrum of the nitro
groups that have low-intensity lines in the frequency range
0.5-1 MHz.

In this investigation we have used the method of dou-
ble NQR (Refs. 5 and 6) and also the direct-pulse method
with signal averaging.” The experimental results are shown
in Table VI, where on the basis of the measured frequen-
cies v, and v_ we calculated the quadrupole interaction
constants eQq,, and the asymmetry parameters 7. The data
for the temperature dependence of the NQR frequency of
some explosive materials can be found in Ref. 12.

TABLE VL
Material | v, kHz | v_, kHz | ¢Qq,,. N Temperature,
kHz Method
Trotyl 869 792 1107 | 0,1396 77K
895 801 1131 | 0,1654 [Direct Method
857 767 1083 | 0,1640 and
875 767 1095 | 0,1978 DNOR
861 729 1061 | 0,2490
888 730 1078 | 0,2929
Hexogen | 5118 | 3394 | 5674 | 0,608 77K
5256 | 3413 | 5779 } 0,638 |Direct Method
5319 | 3511 5887 10,614
600 450 700 | 0,420 110 KDNQR
Octogen | 5063 | 3623 5457 {0,497 300K
5300 3737 6027 | 0,516 |iDirect Method X
720 540 840 | 0,42
720 490 806 | 0,48 110 K DNQR
TEN 1470 1170 1426 | 0.34 110K
1300 1080 1586 | 0,27 DNQR
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FIG. 22. Two-dimensional NQR spectrum of C;HNO;.

The experiment showed that the detection of the NQR
signal at the frequencies 5192 kHz in N3(CH,);* (NO,),
and 5300 kHz in N,(CH,)4(NO;), in the remote NQR
regime’ is possible at room temperature even at distances
of 20 to 25 cm from a sample having a weight more than 10
g- The other lines are too weak for remote detection.

However, the NQR lines of N for the cyclic nitrogen
when cooled to 298 K have been detected at the frequen-
cies 5300, 5063, 3737, and 3623 kHz, and in hexogen (the
strongest lines) at 5192 and 3410 kHz. These lines can
readily be detected in mixtures of these explosives with
trotyl, and with a surface coil they can be used to detect
antitank mines based on hexotol under the ground (to 10
cm).

The time required to detect mines with a detection
probability D=0.97 and a probability of a false indication
F=0.03 in an area of 1 m® is 10 s, and with multichannel
devices a prototype device is possible that for n=4 can
travel on an armored vehicle with a speed of 7.6 km/h and
detect 100% of the antitank mines in its path.

On the other hand, for the frequencies of cyclic nitro-
gen in octogen and hexogen, although they are suitable of
detecting antitank mines, the enemy can artificially sup-
press the NQR signals from the mine by the use of pulsed
rf interference.

In this case one can have recourse to the NQR spec-
trum of *N of the nitro groups, which we have obtained
for the first time by the method of 'H-*N double nuclear
quadrupole resonance with a selective magnetic field. We
have calculated the NQR spectral parameters, i.e., the
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TABLE VIIL

Kuy h
Kec= he=0
Ke =041 hy=2—2.4
Ky =082 hy=13—15
K -cH, =1 hC"3 =-0,5

quadrupole interaction constant eQlg,, and the asymmetry
parameter 7, using the formula of Ref. 9:

quzz=§(V++V_)1 (5 1)

n=3(v,—v_)(v +v_)~\

The NQR method allows us to measure in chemical
compounds the quadrupole interaction constant eQgq,, and
the asymmetry parameter 1 of the electric field gradient
tensor of the crystal.’ The asymmetry parameter 7, unlike
eQq.,, depends strongly on p, the degree of double bonding
of the chemical bond, since

_ 3(N,—N) 52)
=N, ~N.—N,’ '

where N, N,, and N, are the populations of the P,, P,
and P, orbitals. For a spin quantum number /=1 ("N) we
have

_21¢0q.
P73 eggq
where eQqgo=8400 kHz is the quadrupole interaction con-

stant for the nitrogen atom per one unbalanced P electron.
Here

. (5.3)

p=227¢, (5.4)
i

where c; are the orthonormalized coefficients in the expan-

sion of the wave functions of the ith atom and the summa-

tion is taken over the unfilled orbitals.

The calculations of p for three nitro compounds were
carried out by Hofman’s method of MO LCAQO on the
Kompan computer with the parameters of the heteroatoms
as given in Table VII.

Table VIII lists the experimental and theoretical values
of p of the three nitro compounds. By means of a regres-

TABLE VIIL

Compound eQq, kHz | 7 PEp | Prher.
1. N(CH,) (NO,), 5742 0.5065 | 0,2308 | 0,2316

Cyclic Nitrogen
NO, 823 0,450 0,0294 | 0,0293
2. CgH,(NO,),CH, 1107 0,1563 | 0,0137 | 0,0137
1078 0,2465 | 0,0210 { 0,0223
3. N,(CH,);(NO,), 5780 | 0,620 | 0,2844 | 0,2865

Cyclic Nitrogen

NO, 700 0,420 0,0233 | 0,0267
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sion analysis program we studied the connection between
Pineor and 7 for different kinds of regression. We obtained
the following results:

Linear regression:

1n=1.09316p+0.2887419, (5.5)
correlation coefficient R =0.789882; geometric regression:
n= 0.9301 297p03 143765,

(5.6)
R=0.7918453;
exponential regression:
1=0.2701423 - 18.26075%, (5.7)

R=0.695412.

Thus formula (5.5) can be used for theoretical predictions
of the asymmetry parameter 7 in nitro compounds from
calculations of the degree of double-bonding p of the ni-
trogen chemical bonds.

6. CONCLUSIONS

The practical results obtained show that with nuclear
quadrupole resonance methods it is possible to detect in a
few seconds the spectra of samples that are situated at not
too large distances from the measuring coil. This permits
the NQR method to be used to address a number of prob-
lems that cannot be solved by other means. We have de-
signed and constructed a device™ for remote NQR and
have shown that the maximum signal for the correspond-
ing distances can be achieved by optimizing the mean
power {B;) of the rf pulse acting with a detuning Aw. To
determine the depth and position of the detected object a
means has been developed based on finding the detuning in
a strong, nonresonance multipulse sequence. Theoretical
expressions have been derived for the intensities of the
¥“N NQR signals for single crystals and powder, and for
the variation of the signal intensity of NQR of N in uro-
tropine and hexogen as a function of the distance between
the sample and the surface coil. The use of Fourier trans-
forms in remote NQR of N significantly reduces the time
to record the spectra by pulsed spectrometry.

A method has been proposed for increasing the sensi-
tivity of remote NQR of *N by two-frequency excitation
of the spin system and application of a weak magnetic field
to the sample.

The possibilities of searching for explosives in hidden
locations by means of nuclear quadrupole resonance of ni-
trogen nuclei have also been examined in Refs. 24, 27, and
79-81.

Numerical methods applied by us in NQR spectros-
copy have been described in Refs. 57 and 34. Our proposed
method of two-frequency, two-dimensional nuclear quad-
rupole resonance spectroscopy make it possible to observe
forbidden transitions and attribute the lines to a single non-
equivalent site in complex spectra with the assistance of the
cross peaks.*

Further developments in remote nuclear quadrupole
resonance will lead to the development of practical moni-
toring instruments.
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