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Abstract. Possibilities of indirect detecting of NQR (nuclear
quadrupole resonance) signals in solids are considered. Various
modifications of the double NQR method are described. Cap-
abilities of various experimental techniques are compared, and
characteristic features of NQR on light integer-spin nuclei are
considered. A method for taking account of the frequency shifts
due to the static magnetic field is described.

1. Introduction

Nuclear quadrupole resonance (NQR) provides one of the
sensitive methods for studying the intermolecular structure as
well as the physical and chemical properties of a substance [1].
NQR is widely used when investigating the nature of chemical
bonds, intermolecular compounds, internal motions, phase
transitions, defects in crystals, etc. [2, 3]. This spectroscopic
technique, first presented by Dehmelt and Kriiger more than
40 years ago in Ref. [4], has gained a leading position with the
expansion of the class of compounds being investigated [5, 6].
Enhancements in the element base of radio electronics and
application of computers to experiments have made it
possible to expand the range of applicability of above method
to a variety of new scientific and applied problems solved
within other branches of science. These problems include
search and identification of narcotic drugs and explosives
with the aid of local NQR [7, 8], remote luggage control [9,
10], etc. The development of different indirect methods for
studying nuclear quadrupole interaction has opened a new
perspective in applying NQR [11]. It has became possible to
record resonance signals from light nuclei >H, 7Li, '°B, !'B,
170, 23Na, 2*Mg, etc., in a substance with the natural content
of isotopes [12] and this is what accurate chemical analysis
requires.
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The importance of studies in this field is verified by the
fact that twelve specialists in radiospectroscopy, whose works
are related to this division of physics, have been awarded the
Nobel Prize. (The recent prize was adjudged to R Ernst in
1992.)

Although there are numerous reviews on NQR in the
Russian literature (for example, see Refs [13 — 15]), to our
opinion these problems, especially, the indirect quadrupole
resonance methods are discussed insufficiently. To this
connection we made an attempt to summarize the results
pertaining to main indirect techniques of NQR (double NQR-
NQR and double NMR-NQR) and also certain modern
conceptions of their development. Undoubtedly, we does
not aspire to give an exhaustive consideration of the issue
because the overall bulk of information on NQR researches is
really overwhelming. However, we hope that the present
paper will be helpful to specialists in radiospectroscopy and
students of physical departments, which are interested in
nuclear quadrupole resonance.

2. Method of nuclear quadrupole resonance

Nuclear quadrupole resonance is exhibited by nuclei with spin
quantum numbers /> 1 when in addition to a magnetic
dipole moment they offer an electric quadrupole moment
representing the degree of deviation of the shape of a nucleus
from a sphere. There are two specific types of nonspherical
shapes of nuclei (Fig. 1):

a) the cigar-shaped nucleus is extended along the Z’ axis of
the coordinate system relevant to the nuclear spin moment; in
this case the magnitude of the quadrupole moment is positive;

b) the nucleus is flattened out along the Z’ axis and now
the quadrupole moment is negative.

There exist 27 4 1 different quadrupole moments Q since
the spin projection or magnetic quantum number m can take
21+ 1 values. The quadrupole moment is the largest when
m = 1. An atomic nucleus is located in the inhomogeneous
electrostatic field induced by the electron shell and, hence, the
energy of interaction between the nuclear quadrupole
moment and gradient of the electrostatic field depends on
the (nonspherical) shape of the nucleus. Reduced to the
principal axes the moment is uniquely defined by two
independent components ¢.. and # = (¢xx — qyy)/q-- [2].
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Figure 1. The typical deviation of the shape of an atomic nucleus from a
sphere.

Here the coordinate axes are designated in such a way that the
inequality |g.«| < |g,y| < |g--| holds for the tensor compo-
nents. The quantity ¢.. is commonly referred to as the electric
field gradient (EFG); n is the asymmetry parameter of the
EFG tensor.

The eigenvalues of the Hamiltonian of the quadrupole
interaction 7:lQ can be found by diagonalization of the
associated matrix for the 7 spin of a particular nucleus. For
example, at /=1 there appear three quadrupole energy
levels:

1

1
E;tZZeQsz(li’?)7 E0:—§ eQq:: . (1)

Transitions between these energy levels occur under the
action of a variable magnetic field onto the nuclear system
and they are exhibited by selective absorption of radio-
frequency radiation. Excitation of quadrupole transitions in
the external radio-frequency field got the name of nuclear
quadrupole resonance. The value of the EFG asymmetry
parameter is limited by the inequality 0 < # < 1. The case of
n = 0 corresponds to degeneration of levels £ (1). Therefore,
the transition vy between these levels is called ‘forbidden’ in
NQR.

The prime experimental goal of NQR is to find the
parameters of quadrupole interaction eQq.. and 5. Intensities
of resonance absorption lines are proportional to difference
between the number of quanta which have been absorbed in
transition from a lower level m to an upper level n and the
number of quanta which have been emitted in the opposite
transition. The rate of energy absorption in an isolated spin
system is not zero only when the populations N,, and N,, are
different and, hence, the continuous irradiation, gradually
saturating the system, will inevitably stop further absorption.
In this connection the specimen is usually supposed to be
provided with another system for exchanging energy with the
nuclei under investigation by means of some interactions. In
the NQR nomenclature this system is spoken of as the
‘lattice’. It includes all but spin degrees of freedom of nuclear
paramagnet (vibrational, rotational, etc.). The process of
energy transfer from spins to lattice is said be spin-lattice
relaxation. The rate of relaxation is the second main factor

(the amplitude of the irradiating field can be regarded as the
first one), whereon the intensity of NQR absorption
depends.

In the vicinity of a nucleus the EFG tensor is uniquely
described by the quadrupole bond constant (QBC) eQgq.. and
by parameter n calculated from the values of resonance
frequencies.

Presently, most NQR researches are performed by pulse
(unsteady) techniques. In the latter variable magnetic field of
resonance frequency acts on the specimen by short-time
intense pulses and then transient processes in the spin system
are studied. Experiments with pulse excitation provide the
base for direct NQR methods.

3. Features of indirect NQR detection

The deviation of the shape of an atomic nucleus from a sphere
is usually small and the quadrupole moments are of the order
of 10723 cm?. In addition, the magnitude of the quadrupole
moment depends on the nuclear size and, as a result, the
quantity eQ is much less for light nuclei than for heavy ones
and their quadrupole transitions are located within a lower
frequency range. This consideration is essential because in
many cases the sensitivity of the direct NQR methods
decreases with frequency and it becomes very difficult to
observe absorption lines even for v &~ 1 MHz. This is the
reason why study of certain isotopes of light nuclei goes
beyond the scope of the direct NQR. Low density of
quadrupole nuclei in the compound under consideration
presents the second natural limitation. In either case sensitiv-
ity of direct methods is insufficient and because of this
indirect techniques of NQR detection should be in use.

First Herzog and Hahn enhanced the sensitivity of the
method along this way to detect transitions 2*Na in the
NaClOs single crystal [11]. They failed to detect directly
weak signals of NQR from nuclei of interest and subjected
the adjacent nuclei of 33Cl to 180°-pulse excitation using
strong spin echo from them as a reference signal. In the given
sample there exist two 3°Cl and 2*Na spin systems (let they be
designated by 4 and B) with dipole-dipole interactions
between them, and, hence, resonance energy absorption in
one of them has an immediate impact on the other. The
efficiency of the system contact depends on the gyromagnetic
ratio and relative distances r44 and r4p between nuclei 44
and A B, respectively. In the single crystal involved r44 > r4p
and the attenuation of echo signal from 3°Cl depends
primarily on the interaction between systems A and B:
continuous resonance irradiation vg at the frequency of
23Na NQR causes the interaction Hamiltonian H,4p to
average and the spin echo from A4 nuclei to attenuate to a
lesser extent. Here the energy absorption by system B is
signalled by the difference in amplitudes of A4 echoes with
and without the irradiation of vp.

Thus, the example considered presents clearly the neces-
sary conditions for experiment on double quadrupole reso-
nance to be performed. Namely, the specimen should have
two kinds of nuclei: A4 (with strong signal of nuclear
resonance) and B (of interest); these two spin systems should
be bound by dipole-dipole interactions. Methods of double
NQR differ primarily in the choice of a specific spin system
for providing reference signal and in the way of the energy
exchange between spins 4 and B. In all their diversity the
modern double techniques can be explicable on the basis of a
single thermodynamic analogy. Two spin subsystems 4 and B
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in a specimen may be considered as two thermal reservoirs
with a heat-conductive rod between them. One reservoir has a
high heat capacity, it is an analog of 4 spins; another reservoir
possesses a low heat capacity, it is an analog of B spins. If
reservoir Bis heated by a resonance radio-frequency field, it is
hardly possible to measure the new, changed temperature of
the reservoir because the heat capacity of the spin system is
low. However, if system Bis heated for a long time and the rod
shows a high heat conductivity, the temperature of reservoir A4
with high heat capacity will vary significantly. This variation
can be measured and the rise in A4-system temperature will
provide an indirect evidence of resonance energy absorption
by system B. The lower is the initial temperature of reservoir A
and the higher is the heat conductivity of the rod, the stronger
is the effect. Thus, three main stages of experiment on double
nuclear quadrupole resonance may be distinguished:

1) spin system A4 is first cooled down;

2) B-spins are heated (by radio-frequency irradiation or in
other way) and they are brought in contact with 4-spins;

3) changes in A system are measured.

Before we proceed to particular techniques, there is a need
to introduce the basic theoretical concepts used to describe
the physical processes gone in double resonance, namely, the
rotating coordinate system and the spin temperature.

The equation of motion of the nuclear magnetic moment
in a constant magnetic field By has the form

d
T‘:=v[uxBo]. (2)
According to this equation the magnetic moment p precesses
around the field vector B with the angular velocity yBy = wy
(Larmor frequency). In a coordinate system X', Y/, Z'
rotating around the laboratory system X, Y, Z with a certain
angular velocity, Eqn (2) becomes dp/dt=y[p x Bo]+
[@x p]. Let w/y = B’ and By — B' = Besr (Befr is the effective
field). Then Eqn (2) in the rotating coordinate system (RCS)
takes the form dp/dz=7[p x Beg]. Thus, the magnetic
moment in RCS remains unchanged in magnitude and
direction.

Let a radio-frequency magnetic field B, cos wt be applied
perpendicularly to the vector By. It may be presented as a
superposition of two equal fields rotating with equal angular
velocities in opposite directions. The resonance is affected
only by the field rotating in the same direction in which the
Larmor precession proceeds. In RCS the field B, is constant
and the effective field 1is, consequently, equal to
Bl = (B — o/y) + By; thus, dp/ds=y[p x Bly]. It fol-
lows from the last equation that, for example, the nuclear
magnetic moment p precesses in RCS around the vector Bl
with the angular velocity o = yBl;. Let 0 be the angle
between the vectors Bl and By. The value of the angle is
determined from the equation tan6 = |B,;|/|By— ®/y|.
Clearly, 0 = /2 for ® = @ and Eqn (2) can be rewritten in
the form

— =7[n xBy]. (3)

This means that the magnetic moment p precesses around the
vector By. Thus, in the classical formulation the implication
of RCS is that the influence of the magnetic field By on the
magnetic moment of a nucleus can be made arbitrary small
when ® — oy = yBy.

Passing to the quantum-mechanical representation in
NQR, the quadrupole interaction Hamiltonian of a spin
system can be written for By = 0 as

7:[ = 7:{Q+ ﬂpr"’ ﬂDD- (4)

Here Tq is the Hamiltonian of quadrupole interactions, M,
is the Hamiltonian of interaction with the oscillating field
B, cos wt, Hpp is the Hamiltonian of dipole-dipole interac-
tions. Passing on to RCS is accomplished by means of the
unitary operator

- .- ~ 1 ~v2 1o
U=exp(idr), 4=3 whz {(1;) -3 10+ 1)} .
The transformed Hamiltonian takes the form

H' = ORO" = 3 hoo - w)Z[(z})z S 1)}

+hon ks + Hpp, (5)

where the secular part of the Hamiltonian of dipole-dipole
interactions Hy,, commutes with the Hamiltonian 7:{Q. This
transformation does effectively weaken the quadrupole inter-
action of nuclei and enhance the influence of terms w, I, and
Hpp in NQR and may be referred to as transition to rotating
coordinate system or representation of interactions. It should
be noted that, unlike NMR, this procedure does not match a
real mechanical rotation.

The concept of spin temperature was framed in NMR in
application to the two-level spin system with dipole-dipole
interactions. If this system is placed in a constant magnetic
field By > Bioc, Where By, are the local magnetic fields created
by adjacent nuclei, the gaps between energy levels can
approximately be taken the same for all nuclei in the system.
If the energy equilibrium is violated in some way, the spin
system would return to the equilibrium state in a characteristic
time T, ~ (yBloc)fl. On this basis a special quantity Og is
introduced for the spin system and it represents the prob-
ability through the Boltzmann’s distribution function
exp[E;/(kOs)] that the system is in the state with an energy
E;. By analogy with thermodynamics the quantity fs was
called spin temperature. In real crystalline bodies each nuclear
system possesses its own spin temperature differing from the
lattice spin temperature and tends to the latter with the time
constant 7. Since spin-spin interactions are usually much
stronger than spin-lattice interactions and, hence, 7| > T»,
then the spin system can be regarded as temporarily isolated
from the lattice (either of them can be in the equilibrium state
with its own heat capacity and temperature).

Thus, let us consider an equilibrium two-level spin system
in a magnetic field By. If the value of By decreases to B in a
time less than 77, the entropy of the spin system would not
change. In this case the spin temperature lowers because the
entropy is a function of the ratio By/0s. The spin temperature
takes a new value 6s = (Bj/By) 0s. If the induction of the field
Bj, ~ 1073 T is of the same order as those of internal magnetic
fields, the spin temperature Hé could be lower for a while than
the lattice temperature 0p. In zero external field the spin
system comes to equilibrium with the lattice in a time T'p and
the latter is always smaller than the time 77 in strong magnetic
fields (subscript D means that the magnetic field is of the same
level as internal fields that dipole moments of spins produce).
The process of decreasing the spin temperature of a system is
termed adiabatic demagnetization. This process is fully
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reversible: the system can be returned to the initial state by
rapidly turning on the magnetic field By. As we shall see later,
adiabatic demagnetization plays an important part in experi-
ments on double resonance.

4. Methods of double nuclear quadrupole
resonance

It should be stressed that the double NQR techniques
appeared not as replacements to direct methods but rather
as their additions in situations when the latter failed to give
adequate results. Historically, double resonance techniques
developed simultaneously with direct pulse NQR methods,
moreover, investigations were frequently made in parallel:
one specimen was studied by direct method and by DNQR to
cross-check the results.

Thus, the first method of double quadrupole resonance
used initially as a special approach in observing the spectrum
of 22Na in the single-crystal chlorate [11] (see above), was later
enhanced by Hahn and coworkers who called it spin-echo
double resonance (SEDR) [16]. The strong signal with high
signal-to-noise ratio usually observed from nuclei 33Cl, >Mn,
79Br, 81Br or 271 was used there as a reference one [17]. The
essence of the method is as follows. Three pulses are applied
to a specimen with quadrupole nuclei of two kinds 4 and B
(Fig. 2): 90°-180°-pulses with carrier of the 4 resonance
frequency and, simultaneously with the second pulse of the
first pair, another 180°-pulse but with resonance frequency
carrier pertaining to B nuclei. If the second frequency
coincides with wp for the absorption line of B-spins, the
amplitude of echo signal from A nuclei is smaller than in the
case of ordinary two-pulse program because the 180° B-pulse
inverts the local dipole magnetic field and, thus, changes the
phase of precession for A4 nuclei. This bears witness to
resonance energy absorption by B system. In this case the
gain in sensitivity in comparison to the direct observation of
NQR with B nuclei is expressed by means of the formula [17]:

AV, :1quAy§,(Aa)§IB> ©

Vg e ,quByﬂAwiA)

where AV 4 is the decrement of amplitude of echo signal from
nuclei 4, Vg is the amplitude of signal with nuclei B, u, and
i are the magnetic moments of nuclei 4 and B, (Aw? ) is the
second moment of the absorption line of 4 nuclei resulting

B4 90° 180°

7

AN

Bis 180° t

t

Figure 2. The scheme of an experiment on spin-echo double resonance.

from their interaction with B nuclei; (Aw? ) is the second
moment of nuclei 4. It follows from formula (6) that the
greater the difference between the resonance frequencies of 4
and B nuclei, the higher is the sensitivity. In addition, B nuclei
should have half-integer or integer spin but for y = 0.
Otherwise their dipole-dipole interactions with 4 spins will
be weak and the second moment (Aw? ) in the numerator in
formula (6) reduces to zero with an accuracy of the first order
of the perturbation theory. This is none other as the familiar
effect of ‘quenching’ of dipole-dipole interactions between
integer and half-integer spins in solids [18]. The linkage
between two nuclear systems can be enhanced for integer
spins of B at y > 0 by application of an external constant
magnetic field By. However, in polycrystalline samples this
leads to an undesirable broadening of resonance lines.

The resolution of double spin-echo resonance depends
generally on the width of the absorption line of B nuclei and it
is high for single crystals. The range of applicability of the
method, thanks to its high sensitivity restricted only by the
signal-to-noise ratio in system A, extends to a variety of nuclei
with half-integer spins. For example, NQR was exhibited by
23Na, ¥K, 41K, 133Cs, 85Rb, 87Rb nuclei in different chlorates
[16], etc. It is also possible to study integer spins, including
those of deuterium for n ~ 0, i.e. in the case of degenerate
energy levels. Unfortunately, the case of major practical
importance, when 5 > 0, goes beyond the scope of SEDR
unless the sample is a single crystal.

The alternative research line in double resonance is
presented by the technique based on steady radio-frequency
irradiation of sample. Under the name of steady double-
quadrupole resonance in rotating coordinate system it was
initially used to observe NQR of isotopes ¥K, “°K 4K in
chlorates [19]. The major characteristic feature of this
technique consists in application of two steady radio-fre-
quency fields to the spin system in such a way that the
frequency w = w4 + Aw of the first field B;4 cos(wt) differs
by the detuning Aw from the resonance frequency of 4 nuclei
and the frequency of the second field By cos(wpt) coincides
with the resonance frequency of B-spins. The field Bjy4
provides for establishing the equilibrium nuclear magnetiza-
tion along the effective field vector in system A. The field B;p
brings about heat exchange between A- and B-spins in the
equilibrium system provided that

o4y 4Bia =apypBis, (7

where o = \/I(I+1) —m(m —1). The duration of thermal
contact is limited by the time of cross-relaxation. Therefore,
the phase of the field B3 is periodically changed by 180° to
provide for continuous heating of A spins [20]. If the
frequency wp coincides with one of the quadrupole transi-
tions in B-nuclei, the magnetization of system A4 in RCS
decreases. This decrease exhibited by the change in the
absorption signal of NQR from A4 nuclei does indicate that
the resonance has occurred.

The sensitivity of the double steady method versus that of
the direct pulse NQR on A-nuclei is determined by the
expression

By T4

0 = Opulse 5
2\/ B%A +Blzoc TIA + TAB

where T4p is the cross-relaxation time for systems A and B;
B, is the total induction of local magnetic fields. The peak

(8)
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value is attained for the detuning Aw = (B2, + B2.)"/*. Thus,
the sensitivity of the method is sufficient to study many
isotopes of uncommon quadrupole nuclei [21, 22]. The serious
drawback of steady double resonance is that high stability
and switching rate are difficult to realize for a powerful radio-
frequency magnetic field. It should also be stressed that the
major obstacle to the widespread employment of the two
methods we considered is a limited number of chemical
compounds, in one sample of which there is, along with B-
nuclei of interest, a second quadrupole system A with strong
resonance signal. Therefore, we concentrate our attention on
a more widespread version of DNQR, which is the double
nuclear-magnetic nuclear-quadrupole resonance. In this
method a weak quadrupole signal from B-nuclei is recorded
by a change in strong signal from magnetic nuclei (usually,
protons).

Double NMR-NQR methods are commonly classified by
conditions wherein contact between systems 4 and B occurs
[12, 13]. On this basis the following methods are distin-
guished:

1) DNQR in a strong magnetic field (in the rotating
coordinate system);

2) DNQR in zero magnetic field (in the laboratory
coordinate system);

3) DNQR in a weak magnetic field.

Depending on particular mechanism of intersystem ther-
mal contact, these types of double resonance can be imple-
mented in different ways that we are now going to consider.

1. Double resonance technique in a strong magnetic field,
developed by Hartmann and Hahn [23], is the oldest one
pertaining to double NMR-NQR. To arrange the experi-
mental cycle, spin systems 4 and B are polarized in a constant
external magnetic field By and retained there till magnetiza-
tion reaches equilibrium. Then the sample is exposed to a
radio-frequency field B, 4 perpendicular to By, with the same
frequency as the resonance NQR frequency for system A in
the field By: w4 = y,4By. The sample is irradiated for a time
within which 90°-pulse lasts (y B4t = n/2). In the coordi-
nate system rotating around the vector By with the angular
frequency w,, the magnetization vector M, for A-spins
precesses about the effective field vector Begr. After cessation
of a pulse, the phase of the radio-frequency field is changed by
n/2 and M4 becomes parallel to the field By 4 preventing the
decay of magnetization of A-spins with the time constant of
spin-spin interaction 75,4. This phenomenon was called spin-
locking in RCS. For times less than the spin-lattice relaxation
time T4, spin temperatures 6, of A-system in RCS and
laboratory system 0 are related by the expression

0By

00=—5"". 9)

Since Bi4 < By, the temperature 6, is much less than
temperature 6y (i.e. A-spins cool down as a result of spin-
locking in RCS). Following this adiabatic demagnetization,
the sample is exposed to the second radio-frequency field B
(Fig. 3) perpendicular to By. This field provides a thermal
contact between systems 4 and B. The radiation frequency
correlates with the level splitting of the quadrupole system
AEg = hwg. Using the equation for spin magnetization along
the radio-frequency magnetic field

_ CBug
=

Mpg (10)

B;p 180° phase shifts

F — — — — — —Je—

Figure 3. The scheme of radio-frequency irradiation of the sample in the
experiment on double resonance in a rotating coordinate system.

where C = yghI(I+ 1) Ng/(3k) is the Curie constant, [ is the
spin of a B nucleus, N is the number of B-spins in the sample,
k is the Boltzmann’s constant, and considering the initial zero
value of the system magnetization along the B, g direction, we
can conclude that the spin temperature 0 in RCS is infinitely
large [12]. The Bip amplitude is calculated by means of
formula (7) with allowance made for approximate equality
between the energy level splittings for systems 4 and B in
RCS. The last expression is called the Hartmann—Hahn
condition. The phase of the field B, is periodically changed
by 180° to ensure an efficient energy transfer after the spin
temperature equalization in both systems as a result of dipole-
dipole interactions. The spin temperature 6 goes then
negative and system B gets ‘hotter’ than system A. After
completion of the radio-frequency irradiation with the pulse
By, second 90°-pulse Bj, is applied to record the decaying
residual magnetization of the system. The drop of free
induction allows information on the change in temperature
of A-spins and on the onset of quadrupole nuclei resonance to
be gained.

Thus, in comparison with the previous technique, the
experiment of Hartmann and Hahn shows that the sample
dwells all the time in a steady magnetic field By, parameters of
which affect the ‘reference’ signal of 4A-system. The sensitivity
of the method is given by the equation [13]:

(11)

where o4 is the signal-to-noise ratio in detection of NMR
signal of system A, T, is the spin-lattice relaxation time for
system 4 in RCS; T4 is the cross-relaxation time for 4 and B
systems; e is the charge of an electron. It follows from formula
(11) that the sensitivity of DNQR in a rotating coordinate
system is independent of the NQR frequency and also that it is
greater by several orders in magnitude than spin-echo double
resonance (in this conclusion we regard to the ratio 7’4/ T 4p).
The resolution is limited here by the line broadening because
of interaction between systems 4 and B and it is equal to
Awp ~ (2—10) Aw4.

The capabilities of this method allows it to be used for
high-sensitive investigations of NQR on nuclei 2H, “Li, 2*Na,
43Ca with the natural contents of isotopes [24 — 26, 13, 14].
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The major drawback of this variety of DNQR is the
obligatory use of single-crystal samples with large spin-lattice
relaxation times since the experiment is conducted in a
constant magnetic field By.

2. Method of double nuclear resonance in zero magnetic
field (in laboratory coordinate system) developed by Redfield
[27], Slusher and Hahn [28] contributed to the extension of the
‘magnetic field cycling’ technique of Ramsey and Pound [29]
to investigations of NQR. In this case the steady magnetic
field By is used for adiabatic demagnetization of spin system
A when the field intensity is rapidly decreased to the level of
the internal magnetic field By, in the specimen. The process of
periodical change of the external magnetic field intensity from
the steady value By to Bj,. during the experiment is referred to
as cycling. Thus, the experimental cycle include the following
steps (Fig. 4): the sample is held in the field By till the
magnetization of system A reaches equilibrium; the field By
is adiabatically decreased by switching it off (or by moving the
sample to the region where the field is lacking) and, as a result,
the spin temperature 04 drops; the sample is irradiated by the
radio-frequency field B,z and system 4 and B are brought
into thermal contact; the field By is applied once again and
the residual magnetization of A-spins is measured (usually, by
the induction signal after the 90°-pulse B;, at the NMR
frequency). Clearly, the interaction of two spin systems can
take place when the Hartmann — Hahn condition is satisfied.
In this case By plays the role of By,. However, the intensity
B should be rather high (of order 10~2 T) and this leads to a
significant NQR-line broadening. Therefore, this method is
rarely used in this variant.

By

0 t
Bis

T

0 '

B4
90° - pulse
0 t

Figure 4. The general scheme of an experiment on double resonance in a
laboratory coordinate system: t is the duration of radio-frequency
irradiation of the quadrupole system.

Systems 4 and B are brought into contact through

— thermal mixing in the zero external magnetic field [30];

— solid-effect mechanism (DRSE) [31];

— irradiation at frequencies of coupled multiplets
(DRCM) [32].

Each of these methods has its own peculiar features. In the
case of thermal mixing the radio-frequency field Bz is
modulated in frequency:

o = wp + Aw cos(Qt) (12)
or in phase (at a frequency of a4y B4 (7)). Here
Q= (373Bis+ A2 Aw = ((Aw? )"/, Ais the inhomoge-
neous NQR-line broadening, B, is the inverse spin tempera-
ture, wp is the frequency of one of the NQR transitions. The
action of the field leads to the establishment of a contact
between systems 4 and B and this contact is spoken of as
thermal mixing. If the frequency wg matches one of the NQR
transitions, the spin temperature 6 4 changes significantly and
the decrement of the induction signal in the field B( provides
an indirect information on the energy absorption by B-spins.

Since systems A4 and B are in continuous contact through-
out the time when the sample is irradiated by the field B, 3, the
method is highly sensitive. For T3 > T45 and high spin-
diffusion rate the latter equals [33]:

o:a—A 1 —exp —@
e Tag) ]’

This makes it possible to detect low-frequency NQR transi-
tions in nuclei such as 70, 3K, Mo, *’Mo with natural
contents [34, 35]. Unfortunately, nuclei with integer spins
cannot be subjected to above procedure because dipole-dipole
interactions between systems 4 and B are suppressed in zero
magnetic field. Thermal mixing has also the following
limitation: the sample must be irradiated by a high-intensity
field B, p for small y and this leads to NQR-line broadening
and, in some cases, to direct proton absorption in the
frequency range w < 0.5 MHz.

Partly, the cited limitations can be overcome using solid-
effect [36]. This effect manifests itself in additional transitions
at frequencies wp + w4, where wp and w4 are the resonance
frequencies of systems 4 and B. These simultaneous transi-
tions in quadrupole and magnetic systems are induced by
dipole-dipole interactions in the sample and they provide
intensive energy exchange to the point of total demagnetiza-
tion of A-spins. The probability of a solid-transition is equal
to

(13)

2 2
o 4Aw%

= AE
Awy  of

(14)

where w5 = yp B is proportional to BfB. To this connec-
tion the efficient thermal contact between systems A and B is
attained by the choice of the optimal value of the irradiating
field B;p [37]. From the quantum-mechanical standpoint the
solid-effect occurs because energy states of spins mixes as a
result of dipole-dipole interactions between systems A and B.
The possibility of exciting the solid-transitions depends on the
ratio of relaxation times in a particular sample. Especially, the
inequalities w.Tip > 1 and w, Tp <1, where w, =
wp + w4, must hold. The last inequalities can be considered
as the conditions for solid-transitions to occur. Additional
transitions appear in double resonance spectra as a distinctive
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multiplet structure of NQR lines and they can cause
significant line broadening. Generally the resolution of the
method is determined by the width of the proton resonance
which is close to Aw4 > Awp.

The major advantage of DRSE is its high sensitivity. It is
by (N4y4)/(Npyp) times more sensitive than the direct
method. Moreover, both the nuclei with half-integer spins
and nuclei with integer spins can be investigated [38] (for
example, nitrogen '“N in polycrystalline samples [39, 40]). At
the same the dependence of the method sensitivity on the
suppression of dipole-dipole interactions makes it impossible
to attain the estimated magnitude of the sensitivity for integer
spins in zero magnetic field. Usually the sample is irradiated
by the field B, in a weak auxiliary field By ~ 10—50 G and
this brings about an additional NQR-line broadening.
Besides, the DRSE technique is not applicable to samples
with large times T)p [41] and to nuclei, whose quadrupole
transitions occur at frequencies lower than 200 kHz, in the
region of direct proton absorption.

In double resonance with coupled multiplets [42] the
sample is simultaneously irradiated at two frequencies in
zero magnetic field. The detuning w,p — w;p is of the order
of Aw 4p for protons in the nearest neighbourhood of nuclei B
with which they form dipole multiplets. The radio-frequency
field B, saturates the quadrupole system at one of the NQR
frequencies while the field B, provides an intensive thermal
contact between systems 4 and B. The action at frequencies
wip and wyp = w1+ w, brings about a decrease in the
inverse temperature 5, in comparison with its initial value
Bioc = BoBo/Pioc and, thus, this phenomenon is equivalent to
the solid-effect at the frequency w, with continuous irradia-
tion of quadrupole nuclei. The sensitivity of the method can
be calculated from formula (13), where

Np o1p <AwD>2

770~ 2222
B NA Aw AU)A

(15)

here Ng, N4 are the numbers of relevant nuclei in the sample;
Aowp is the frequency difference in a dipole multiplet. Thanks
to two-frequency saturation the sample can be irradiated by
weaker fields than in the case of thermal mixing without any
loss in overall sensitivity. This makes it possible to study
polycrystalline samples with low natural content of an isotope
[42], including 7O nuclei [43]. The resolution of the DRCM is
specified by the quantity Awp and it is comparable with that
of the solid-effect technique.

In addition to previous cases, in zero external magnetic
field over the frequency range w;p < 200 kHz the interaction
between systems 4 and B can proceed subject to continuous
thermal contact [44]. The nature of this phenomenon is very
simple: direct dipole-dipole interactions lead to energy
absorption by system A in a wide frequency range and any
pair of quadrupole levels with an appropriate gap between
them can continuously exchange energy with protons in the
course of irradiation. The intensity of continuous thermal
contact depends on degree of overlapping the absorption
spectra of nuclei 4 and B in zero magnetic field [45]. The
method that relies on this effect can be used for detecting the
low-frequency transitions of light nuclei (see the next section).

3. Double resonance in a weak magnetic field possesses
the most universal method among DNQR since it is efficient
for studying half-integer as well as integer spins. In contrast to
the above techniques the sensitivity of which is weaker for
nuclei with integer spins in zero external fields, this method

exploits the stronger interaction between systems 4 and Bina
certain intermediate field Bj, > Bj,, while quadrupole sys-
tems are exposed to radio-frequency irradiation in the
absence of Bj in order to prevent the line broadening of wp
and resolution decrease [13]. In the process of adiabatic
demagnetization accomplished by cycling the magnetic field
By, a moment comes at its certain value when the Zeeman
splitting of the proton system becomes equal to one of the
quadrupole frequencies w: By = w'y/y,. The energy level
equalization in two systems brings about heat exchange
between them as a result of spin-flip transitions induced by
dipole-dipole interactions. Similar contact is reproduced
upon switching on the field By. The method that relies on
this process of interaction of quadrupole and magnetic
systems of the sample is referred to as double resonance with
level crossing (DRLC) [46]. The cross-relaxation proceeds for
a time 7., when the interaction condition w4 ~ w', is satisfied.
Since the adiabatic switching rate for the magnetic field By
must comply with the expression dBy/d¢ < y,Biec, then the
limiting value ., is restricted to the ratio Aw,4/w .4, where
w40 = 74Bo. Multiple cross-relaxation is also possible when
nw'y ~ ma',, where n, m are the integers, but the probability
of such process is much lesser. For n=m =1 we have
Tor ~ At(Aw4/®40), where At is the time for which w4
decreases to wp = y,Bioc. Level crossing leads to equalization
of spin temperatures in systems 4 and B. In this case
magnetization of A-spins is partly transferred to ‘hotter’ B-
spins and, as a result, quadrupole system usually cools down.
The sample is subsequently exposed to radio-frequency
radiation Big in the zero external magnetic field and if
frequency coincides with the resonance frequency wp of a
certain transition in the B-system then the level populations of
the latter equalize and B-spins heat up. On return of the
sample to the field By, level crossing occurs in the opposite
order. The heated B-system gives a part of its energy to A-
spins, thus decreasing their polarization and causing addi-
tional heating. If the radiation frequency does not match the
resonance g, the state of the B-system as well as the inverse
spin temperature [, would not change. The resultant
temperature f3 4 is determined in the field By by the induction
signal amplitude after the 90°-pulse application at a frequency
of W A40-

For long relaxation times 774 and Tjp the level-cross-
ingprocess can be repeated multiply for one cycle of retuning
the frequency wp [13]. To this end an intermediate magnetic
field By is superimposed as a meander with a frequency of
about 10 Hz in such a way that the -condition
wo ~7,4(BE + B2,)'"? is satisfied; and the irradiation by
the field B;p is performed in fields Bj,. (Fig. 5). The
sensitivity of the method is given by the expression
op = 04(AM/M,) (AM is the change of the residual proton
magnetization due to saturation of the quadrupole transition
at the end of the experimental cycle) and it is usually by two
or three orders in magnitude greater than the sensitivity of
direct NQR. Particularly, the advantage of DRLC is that its
sensitivity remains practically the same as the detected
frequency decreases down to very low values. This makes it
possible to apply this method to studying light nuclei with
small quadrupole moments. In fact the quantity oz depends
on the values of Tyz, Tip, Np/N4 [13, 26] and in this
particular case it is a maximum for Tiz > Ty, TiD < Tirr
and it is a minimum for T3 < t;, Where 7;; is the time for
which quadrupole system is exposed to radio-frequency
radiation in local fields. In consideration of DRLC we
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Figure 5. The scheme of experimental cycle with multiple level crossing.

presumed that the cross-relaxation occurs only when B
changes; however, it is possible for integer spins (for
example, when /= 1) with a small asymmetry parameter
that wg <y Bioc throughout the time tj,. In this case the
method is naturally goes into the double resonance method
with continuous thermal contact [45].

Intensities of detected spectral lines depend heavily on
population ratios for levels in B systems. On application of a
magnetic field to the sample, however, quadrupole frequen-
cies change and, for specific values of Bj,, levels of NQR
intersect. Mixing of NQR levels brings about a disorder in
their crossings with the magnetic levels of system A4 and,
subsequently, to redistribution of spectral line intensities. The
last effect is especially strong in multilevel systems and this is
one of the drawbacks of the method. The second drawback
offers a low sensitivity for nuclei with integer spins, not
having direct bonds with protons.

However, advantages of the method is more important
than its drawbacks. DRLC is used to study half-integer and
integer spins in polycrystalline samples with nuclei of ?H, 7Li,
10, 14N, 170, 23Na [47 — 50], etc., as a universal high-sensitive
method with high resolution (the last parameter depends on
the linewidth Awp for small radio-frequency radiation levels
in zero external magnetic field).

We considered the main types of double NMR-NQR.
Sometimes several other methods are used for indirect
detection of nuclear quadrupole resonance. Among them
are double resonance with selective pulses (DRSP) [51] used
to record low-frequency spectra of NQR [52 — 54]; method of
cross-relaxation spectroscopy [55] ensuring high sensitivity
for a characteristic time 774 > T)p and used to detect NQR
signals from nuclei 137Ba [56], 33C1[57], '*N [58], etc. It should
be stressed that the spin-echo double resonance possesses the
highest sensitivity while DRLC and DRSP have the greatest
resolution (comparable with that of direct NQR methods).

The choice of the experimental double-resonance techni-
que is based on information about parameters of nuclei to be
studied and about the properties of a particular sample.
Optimal conditions for experiment are determined with
regard to the spin-lattice relaxation times 75, 714 and T} of
quadrupole and proton systems, respectively. The time T4
depends on temperature in very complex fashion, therefore,
preliminary study is usually performed to minimize this time
in order to reduce the cycle duration f.. The time is considered

to be optimal when 7. = T 4. At the same time the spin-lattice
relaxation time in zero external magnetic field 7)p for an
operational temperature chosen should not be very small. If it
is less than the switching time for the magnetic field By in the
course of adiabatic demagnetization, i.e. Tip SAt, then
DNQR is impossible. The ratio of times 7'z and T'p defines
the mechanism of interaction between systems A4 and B.
Frequently, several effects superimpose. The following typi-
cal cases can be distinguished:

(1) Thp < T and either solid-effect or thermal mixing
dominates;

(2) T\p > T, and proton system is polarized as a result of level
crossing (DRLC dominates, resolution in a spectrum is at
maximum);

(3) T1p ~ T and the system contact occurs through super-
position of DRSE and DRLC effects.

Measurements of 77, are usually conducted using a
saturation technique. To this end the time interval T between
90°-pulses in the NMR radiation sequence is determined, for
which the magnetization of the sample is M = 0.63 M,
where M) is the steady-state magnetization. The time T4 is
found from the relation [13]:

wof-en(-)]

The value of T can be calculated from the dependence of the
M amplitude on the time 7’ for which the sample holds in zero
field without irradiation:

(16)

(17)

The accuracy of the last measurement is rather low (about
20%) due to the influence of level crossing on the magnetiza-
tion. Therefore, this estimate can be used only for evaluation
purposes.

The quadrupole system relaxation is generally described
by several times T [2]. There are 27 and I — 1/2 relaxation
times for integer and half-integer spins, respectively. It is
usually impossible to measure 7' for most light nuclei with
the aid of direct NQR because of small signal-to-noise ratio.
To this connection the experimental conditions for DNQR
are chosen using the measurement technique based on
adiabatic demagnetization [59]. It was initially used to
determine relaxation times with nuclei of nitrogen “N [60].
The sample is adiabatically demagnetized and it is then
retained in zero external field for a time 7; and irradiated by
the reading 90°-pulse at the resonance frequency of the
quadrupole system. The spin-lattice relaxation time is found
from the relation

I:]Oexp<fi> +1x,

T (18)

where I, Iy, I, are the induction signal amplitudes for T = 1;,
7 =0 and 74, respectively. This method was used by the
authors, for example, to determine T)p for 2H nuclei in
polycrystalline samples. The measurement error was about
10%. We failed to detect signals from °Li nuclei because of the
small signal-to-noise ratio.

One of perspective lines in expanding the possibilities of
DNQR is to combine it with a two-frequency technique [15].
In Ref. [61] the authors showed for nuclei of nitrogen '“N that
the intensity of a detected line v_ can be increased by
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simultaneous saturation at the frequency vy. And vice versa,
the intensity of the line vy increases when the transition v_ is
simultaneously saturated. In this way the sensitivity of
DNQR can be increased four times. At the same time an
additional irradiation of the sample at the v, frequency
pertaining to one of the nonequivalent positions of a nucleus
in the crystal leads to the situation in which all other spectral
lines of NQR are detected on a weaker level. The signal
intensities of other nonequivalent positions are unchanged in
this case. The last property does not affect the sensitivity of
the method but it can be used for qualifying resonance lines in
complex spectra of NQR as emitted by a nucleus in the
nonequivalent position [62].

5. Investigation of light quadrupole nuclei with
integer spins by DNQR

Among eighty eight quadrupole nuclei there are only seven
with integer spins. '*N and '°B nuclei are most extensively
studied by DNQR methods [14, 63, 15] since they are widely
used in industrial chemical compounds. Nuclei 2H and °Li
presents the major complexity for the method owing to
smallness of their EFG tensors and because of low natural
abundances (0.015% and 7.2%, respectively). NQR signals
from these nuclei are very weak and, as a result, absorption
lines cannot be detected directly even for a large number of
stored signals. The location of spectral lines of deuterium and
lithium in the direct proton absorption area ( < 200 kHz),
apart from the effect of suppression of dipole-dipole interac-
tions, also contributes to the complexity of study. At the same
time these experiments provide a unique opportunity for
studying electronic structure of molecules. In particular,
EFG of deuterium with a shell consisting of a single ls-
electron and exhibiting high-energy excited states depends
essentially on changes in electron densities of neighbouring
atoms in the molecule. This makes it possible to use the EFG
as a sensitive indicator of the change in electron density of
molecules, presence of hydrogen bond, etc.

There are several ways to enhance the sensitivities of the
main DNQR techniques in detecting weak signals for integer
spins [15, 44, 50, 61]. In particular, double resonance with
level crossing can be made more efficient in studying nuclei
with integer spins and without direct proton bonds by using
an auxiliary ‘selective’ field [64]. In this case the sample is held
throughout establishing/removing the field By, for a time
At ~ (3—5) T4 in constant magnetic field By = wg/y, the
intensity of which matches the energy exchange condition for
systems 4 and B and retunes with a change in the frequency of
irradiation of quadrupole nuclei. In this context the term
‘selective’ refers to preferential action of the field By onto the
spin system. The prolongation of contact between systems A
and B when wpg and the frequency of one of the quadrupole
transitions coincide makes it possible to get a stronger signal
of NQR. This technique can be realized with the use of an
additional solenoid through which the sample will go when it
is mechanically moved out of the field By into zero field [64].
The only difficulty is that the field B;, must be retuned in
synchronism with the high-frequency field in each experi-
mental cycle.

However, the use of a selective field does not eliminate the
drawbacks of the method when studying superlight nuclei
with low natural content. The sensitivity of DRLC is limited
by the ratio of resonant spins in systems 4 and B. The number
of ‘spin-flip’ transitions in the course of irradiation of

quadrupole nuclei cannot exceed the total number of B-
spins and is limited by the degree of B-system polarization in
the process of proton magnetization. Until energy level
equalization, B nuclei can make only a fixed number of
‘spin-flip’ transitions. Therefore, detection of NQR spectra
by the level-crossing method becomes already inefficient
when the content of quadrupole nuclei is less than 10% of
the total number of protons in the sample. In most cases, it is
also impossible to get use of advantages of double resonance
solid-effect in studying ?H and °Li because of large spin-
lattice relaxation times in the system of B-spins.

The best technique in this case is shown by the double
resonance with a continuous thermal contact [45, 65]. Tt
prolongs the energy exchange between spin systems 4 and B
to the extreme point of polarization decaying. The intensity of
absorption of radio-frequency field energy by a system of
dipoles with magnetic dipole-dipole interactions between
them is equal in zero external field to

/
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(19)
where v is the radiation frequency; B is the amplitude of the
irradiating magnetic field; /v is the energy delivered to the
system; hv/(k0s) is the relative probability of absorption; f'(v)
is the matrix element of the distribution function. If a weak
magnetic field By is applied to the sample, the function /(v)
peaks at the following frequencies: 0; (y,/(2m)) B;
2(y4/(2m)) By; 3(y,4/(2m)) By, etc. Usually separate peaks of
J(v) do not resolve for small B; < B, and there appears only
a single line broadened into high-frequency range. As an
example Fig. 6 shows spectra of proton absorption for dipole
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Figure 6. A portion of the proton absorption spectrum for a common
hexagonal ice (a) and for a crystal hydrate MgCl, - 10D,0 - 2CsH 2Ny (b)
at 120 K.
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reservoir placed in distilled water (a) and crystal hydrate
MgCl, - 10D,0 -2C¢H 2Ny (b) at 120 K. The shape of
absorption lines is approximated by the function
v2exp (—v?/(2A%)),where A = 45kHz(a)and A = 40kHz(b).

Continuous thermal contact between systems 4 and B is
made when the high-frequency portion of the function f'(v) in
the region of quadrupole transitions is high enough to
establish a link between 4 and B system and at the same
time it is small enough for the direct proton absorption to
dominate. One way to provide these conditions is to irradiate
the sample in advance by an auxiliary magnetic field B, 4 with
a frequency of 50 Hz in zero static field (By = 0) and to
saturate then one of the quadrupole transitions by the field
B (Fig. 7a) [13]. In spite of the gain in sensitivity (by a factor
of 1.5-3.5) with the preliminary heating of A-spins, the
method discussed does not possess the required character-
istics for studying ?H and °Li nuclei when their concentrations
are small.
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Figure 7. Schemes of experiments for improving thermal contact between
systems 4 and B with double resonance in a laboratory coordinate system
in the cases of low-frequency irradiating (a) and constant magnetic (b)
fields.

Better sensitivity is achieved when a weak constant
magnetic field By is applied to the sample in intervals
between irradiations of the quadrupole system with the
field B;p [65]. The former is modulated by sinusoidal
sound-frequency half-waves (~ 20 Hz). The radio-frequency
field B)p acts in antiphase in the absence of By. Thus, B-
spins are alternately heated up and brought in contact with
protons (Fig. 7b). The value of By is varied through the
range (0—20) x 10~* T to ensure intensive energy exchange.
This technique is applicable to a variety of compounds with
’H in natural concentrations [65]. The major drawback of
this method is the limitation on the intensity of radio-

frequency irradiation of quadrupole nuclei. In most cases
the required level of the field is unattainable since the direct
proton absorption becomes essential even for Bz =3 x 107°
T. Figure 8a shows the spectrum of ?H we obtained by this
technique in water frozen down to 120 K with the 0.5%
content of D,O. The line patterns are distorted as a result of
direct proton absorption. The transition at a frequency of v
was not detected.
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Figure 8. NQR spectra of deuterium in a sample of hexagonal ice with the
0.5% content of *H, detected with the use of the conventional double
resonance technique with a continuous thermal contact (a) and with our
method (b) at 7= 120 K.

To eliminate the last drawback we propose another
approach. With it the advantages of continuous linkage
mechanism can be realized more fully. To this end the static
field By is modulated by rectangular sound-frequency pulses
and alternated with pulses of static magnetic field B’
perpendicular to By (i.e. in parallel to the axis of the radio-
frequency coil Byp) (Fig. 9). The field B’ imposed in the
course of irradiation of quadrupole nuclei eliminates
(through the action on the proton system) the direct proton
absorption in the case of strong Bip. Clearly, B’ must have
the optimal value for each transition: if it is exceeded, the
sensitivity of the method does not increase because of the
spectral line broadening; if the value is not reached, the direct
proton absorption prevents signal detection. The optimal
value of B’ can be determined by locating the extremum of
the functional dependence of the type

(Wp+ Wj) W'

F(B) =BT "p) g
B =y win

(20)
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Figure 9. The scheme of experiment for detecting DNQR of integer spins in
the low-frequency range.

where Wy and W, are the probabilities of transitions in a
quadrupole system, W, and W/, are the probabilities of direct
proton absorption in zero magnetic field and in the field B,
respectively [66]. The maximal value of F(B’) corresponds to
the optimal value of B’. The function F (B’) approaches unity
as B’ decreases to zero.

Formula (20) is applicable to different quadrupole nuclei
irrespective of their spin /. The denominator of the right-hand
side is  generally given by the  expression:
1 + cos(arctan B’/ Bjoc). The numerator can be calculated
with the perturbation theory to sufficient accuracy since the
magnetic part of the Hamiltonian is small in this case
(78B" < eQq::).

In particular, if /=1 and the asymmetry parameter is
small (n < 0.1), the transition frequencies are [67]:

via ~ 3K+ (K> + D?cos® 0)'/? |

vis~ 3K — (0*K> + D*cos® 0)'/? (21)

where K = eQq.., D =yzB’ is the factor presenting the
severity of exposure to the constant magnetic field; 6 is the
polar angle of the spherical coordinate system. The relevant
probabilities of transitions in collinear fields (B, 3||B’) take
the form

(PK? + D?cos? 0)'/?
D2cos0 ’

Whio~ Weis ~ Dj (22)
where D| = yzB13.

We obtained (22) by averaging over all possible directions
of the vector B’ in the coordinate system pertaining to the
principal axes of the EFG tensor. This result is valid for
polycrystalline samples. If # > 0.1, the probabilities of transi-
tions are as follows

Ly nKO-m)
271 9D2(1 —y)cosO’
lDz nk(9 —n*)
271 9D2(1 +n)cosh

/ ~
Whis ™~

W31,3 ~ (23)

It can be easily shown that the resonance transition in the
spin system not perturbed by the field B is characterized in
powder by the probabilities Wg 5 ~ Wg 3 ~ D%/3. Thus, all
terms in formula (20) are known.

The sensitivity of detection of nuclei with integer spinsin a
low-frequency range ( < 200 kHz) can be increased through
application of the last technique 100-fold in comparison with
the DRLC. In addition, ‘forbidden’ vy transitions in the
vicinity of the maximal proton absorption are also become
accessible to observation. For comparison, Fig. 8b shows the
spectrum of H for hexagonal ice enriched with deuterium
(0.5% D70). This spectrum was taken using the last techni-
que. The duration of the experimental cycle was 180 s, the
time for which the sample was placed into auxiliary fields was
6 s, the field amplitude was equal to Bjz = 5 x 107° T. The
spectrum of the complex MgCl, - 10D,0O - 2C¢H 2 N4 with
hydrogen bond was taken similarly (Fig. 10). The detection of
vo transitions makes it possible to uniquely classify lines as
those of four nonequivalent positions of deuterium in the
molecule.
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Figure 10. The NQR spectrum of 2H in the complex
MgCl, - 10D,0 - 2C¢H ;N4 made by the scheme in Fig. 9 at 7= 120 K.
The duration of the cycle is 130 s; the time for which the sample is placed
into zero field is 8 s; the field amplitude is Bjz = 107> T.

As a compound with natural content of °Li we used a
sample of lithium phosphate LiH,PO,4-H,0O. Figure 11b
shows absorption lines after ten data storages. Figure 11a
shows the same spectral range but the spectrum was taken
using the conventional DRLC technique, all other factors
being the same. The comparison testifies that the method is
capable to increase the efficiency of DNQR signal detection
for nuclei with integer spins in the low-frequency range.

Frequency shifts resulting from the action of static
magnetic fields can be taken into account using formulae of
the perturbation theory or numerical methods. In the latter
case the solution to a secular equation is found for the specific
nuclear spin. Since the consideration of the Zeeman effect in
polycrystals requires averaging over angles 0 and ¢ of the
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Figure 11. DNQR spectra of °Liin the sample LiH,POy - H,O detected by
the DRLC (a) and by our technique (b). The cycle duration is 90 s; the time
for which the sample is retained in the zero field is 4 s; the field amplitude is
Bip=5x107°T.

spherical coordinate system, we diagonalized matrices of spin
Hamiltonian for 7=2;3 to simplify the problem. The
coefficients of the resultant polynomials of fifth and seventh
powers are cumbersome to be presented here; they may be
found in [66]. These equations can then be solved easily using
a standard program.

One of the most important tasks (for application
purposes) is to improve methods of NQR detection with
nuclei of nitrogen !“N. Successful works of Russian
scientists [15, 7] have lead to significant advances in this
field. In particular, methods of detection and remote
monitoring of the presence of explosives [9, 10] were
developed in the course of complex studies on local NQR
[7] and on direct pulse method with a large coil. For the first
time NQR was studied in the Tetryl and PETN explosives.
Optimal frequencies for remote experiments were selected
(for example, w = 5192 kHz in hexogen). As a result
antitank mines and plastic explosives can now be detected
remotely by the NQR method.

At present techniques for detection of narcotic drags by
NQR are under development. American scientists have
achieved a significant progress in this field. For example,
‘Quantum Magnetics’ (USA) manufactured appliances with
irradiating coil of 170 litres in volume for monitoring frozen
fish products. In Russia these studies are hindered now by the
lack of funds.

The weak signal level of N in most explosives and
narcotic drugs makes it necessary to use indirect methods of
quadrupole resonance to find absorption lines and to establish
spectral parameters. In this situation satisfactory results can
be achieved by the use of various DNQR techniques and of
cross-relaxation spectroscopy. In particular we detected
spectra of '*N in cocaine (at room temperature) and in codeine

phosphate by the DNQR method with auxiliary magnetic
fields:  CjyHyNO4 —eQq.. = 5081  kHz, 1 =0.04;
C18H21NO3 . H3PO4 — quzz = 1207 kHZ, n= 0.35. In this
way complex mixtures like ‘hashish’ and ‘opium’ were also
studied. This made it possible to propose a number of
recommendations on remote detection of narcotic drugs.

Clearly, further development of indirect techniques based
on nuclear resonance would expand the range of applicability
of NQR in topical applied problems.

6. Conclusions

In this article we considered the principal modifications of the
indirect method for studying nuclear quadrupole interactions
in solids. The emphasis was placed on comparison of features
relevant to these techniques and on possibilities of their
improving. As numerous investigations show, double NQR
methods remain one of the perspective lines of studies in spite
of a wide adoption of the high-resolution NQR technique. In
many cases these methods are the only ones with which a
perfect chemical analysis of complex industrial mixtures can
be conducted, narcotic drugs and explosives can be found and
identified, intermolecular structure of synthesized pharmaco-
logical preparations can be studied, etc.

The possibilities of DNQR have not been exhausted yet.
Introduction of the latest radio-electronic developments into
experiment, construction of new installations and moderniza-
tion of old ones will undoubtedly expand the range of
applicability of the method.

One of the perspective lines of inquiries is to conduct
experiments combining magnetic field cycling and two-
frequency excitation of spin systems. The use of cross-
relaxation spectroscopy makes it possible to fill up the data
obtained earlier in NQR studies.

It is extremely important to generalize and systematize
incessantly experimental results through formation of mobile
data-bases [68, 69] in which the main operational information
about experiments have to be stored. The wide capabilities of
methods of double nuclear quadrupole resonance will even-
tually justify the expenditure and hardship of organizing the
experiments of this kind.
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