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A theory of the spin-lattice and spin-spin relaxation processes in quadrupole spin systems with
I>1/2 in the situation of the multiple-pulse NQR spin locking is proposed for the pulse
sequence MW-4. The theory is based on the assumption that for r X T, the change of the spin
system is a quasi-equilibrium process. Rate equations for inverse generalized temperatures are
obtained and the kinetic coefficients calculated for the case of exponential correlation functions.
The above assumption was confirmed for some substances containing the 33Cl and !23Sb, and the
time constant 7, characterizing the spin echo signal decay was investigated and compared with
the time constant T, , in the case of continuous spin locking.

Introduction

1. A theory of multiple-pulse excitation of qua-
drupole spin systems was proposed sometime ago
[1,2] without taking into account any relaxation
processes. In the present paper this theory is gener-
alized by considering relaxation processes due to
both spin-lattice and spin-spin interactions in the
situation of multiple-pulse spin locking. The only
spin-lattice relaxation mechanism considered is the
thermal modulation of the electric field gradient.
The theory is developed for the pulse sequence
@) — (t— @, — 1) [3. 4] and for I > 1/2 (any other
pulse sequence could be considered as well) on the
supposition that during times later than ~ T, after
the beginning of the pulse sequence the change of
the spin system is slow enough to be considered as a
quasi-equilibrium process T ~ wior = (3 Hioe) ™'

The linear rate equations for the inverse general-
ized temperatures which enter the corresponding
state operator were obtained by means of the usual
technique. The kinetic coefficients of these equa-
tions were calculated for the exponential correlation
functions.

2. To check the above supposition in a concrete
case, the following experiment was performed: the
nuclei ¥Cl (I =3/2) and '2’Sb (I=7/2) were in-
vestigated in polycrystalline samples of SbCl;,
C,Clg, and CCI;COOH at 77 K; the time constant 7>
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was found experimentally; for the pulse sequence
used and times X 75 the signal decay was observed
with a time constant Tj.> T, which is considered
to confirm the supposition in question. Using the
same substances, some more experiments were done
aimed at the study of the time constant 7. and the
initial value M®Y (T») of the quasi-equilibrium
magnetization in dependence on t and the resonance
offset 4 = wo— w, and at a comparison of 7;. and
the time constant 7, characterizing the continuous
spin locking situation.

Theory

1. In the operator representation used in [1, 2, 5]
the von Neumann equation of the quadrupole spin
system is (with 1 = 1)

. do
[ =
ds

with the Hamiltonian

[7(1). 0(1)] (1

7 () =f (1) (aS)+,7/'ds§C+,VSL([) . 2)

Here f(r) is the pulse function [1, 2], a the unit
vector of the effective field we. [1, 2], S the effective
spin operator [1, 2], #d¥= >, 749 with m=0, + 1,

+ 2, the secular part of the dipole-dipole interaction
operator [2], and #s; (1) =D F,(1) A, the spin-lat-
q9

tice interaction operator (see [6]), the only spin-
lattice interaction mechanism considered being the
thermal modulation of the electric field gradient.

2. After the unitary transformation removing the
rapid (with respect to T>) part of o(7) (see [7-9]),
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the evolution of the slow part §(z) of () is given
by the von Neumann equation

f%é =[#(1),0(1)] 3)

with the Hamiltonian

#(1) = — we(aS) +,;(,ﬂd°d 1 Z (eik"'/’R;
kr
+e-ik7rl/rR;,)+9;’SL(t) . 4)

Here s is the part of the operator #5% com-
muting with the operator a - S, and the operators R}
characterize the interaction between the dipole-
dipole system and the r.f. field, each Rj being
effective on condition kn/t=rw., where 27 is the
interval between pulses.

3. It is our aim to obtain the time dependence
A (1) of the amplitude of the quadrupole spin echo
signal due to the spin-lattice and spin-spin inter-
actions and to the action of the r.f. field. This will
be done on the supposition that the change of the
spin system state may be considered as a quasi-
equilibrium process for ¢ 2 Th~ wiot = (y Hiod) ™,
where H), 1s the average characteristic of the inner
magnetic field owing to the spin-spin interaction; if
the Bloch equation is valid, 7, has the order of
magnitude of the transverse relaxation time entering
this equation and characterizes the spin echo signal
decay if the pulse sequence @) — (1 — ®,,— 1)" is
used (that is the sequences from the introduction in
the particular case ¥ = ).

4. In the framework of the customary “spin tem-
perature approach”, the quasi-equilibrium process
mentioned may be described, in the high temper-
ature approximation, by the state operator

0%9(1) = Z7'[1 = BE(1) we(aS)
—BR) # = PR (D) emml, (5

where e, are the projection operators introduced
in [10], and the indices in the last term on the right
hand side number the points of the spectrum of the
main part of the Hamiltonian (see [5]), the dash
denoting the omission of those influenced by the r.f.
field.

5. To calculate A (z), we are in need of the inverse
generalized temperatures & (1), B3 (2), Pyi(2). The
corresponding rate equations may be obtained by

the usual procedure (see [6]): they are (eq and ¢
being omitted):

e _ _ W (ﬂe— - ﬁd) — T7d (B~ )

dr
— 3, W (Po— Py, (6)
dfs _ < 1 (@0 [
o —; Wk e 3 (?;ﬂe_ﬂd)
— Tid(Ba—BE) . (7
de,,
o Tim(Be=BE) = >, Win(Pm—P), (8)

where w} = w. —kn/tr and £ is the lattice inverse
temperature. The expressions of the kinetic coef-
ficients of (6)—(8) being very complicated, they are
not given here. The dependence of the kinetic coef-
ficients on the pulse sequence parameters and the
lattice motion characteristics is given by the func-
tions

f(q) (wmn - Iwe)

kn sin?(+ /@)
=> 7\ omn——— lwe —2 9
%"’(w 2 “’) Ckn+iop O

where /=0, £1/2% 1, @ =2tw., 7% (w) are the
spectral densities of the lattice motion (see [6]), and
W,y the transition frequencies of the main part of
the Hamiltonian.

The initial values p59(T>), B§4(T2), Psi(T>),
which are necessary to get the concrete solution of
the rate equations (6)—(8), are to be obtained using
the condition of the quasi-conservation of the cor-
responding quantities during the interval ~ 75,
namely: Spg,(0)Q=Spgo“Q with Q= w.as,

Ha. D 3D emm, where 5, (0) =0, (0) is the state

m
operator immediately after the first pulse, and 4{)
are the eigenvalues of the Hamiltonian’s main part.
6. To calculate the kinetic coefficients using (9),
one has to know the correlators g,, of the lattice
motion (see [6]). In the case of exponential corre-
lators [11]

gqq,(‘[) = <F(‘1)([) F(‘“q')([_ T)>

= 5qq’<Fq2 (0)) exp{—|7 /14} (10)
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the functions f'9 are
f‘(él) ((’)mn s /(")e) = <Fq: (O)> Ty°

1 WmnTesin (1O) R

B 2.2 \2
l ¥ ®Wn, Tl + %O 2T

These expressions give the dependence of the kinetic
coefficients on the correlation times 7, and the pulse
sequence parameters 7 and 6.

7. In the particular case of the equidistant spec-
trum of the main part of the Hamiltonian, the ex-
pressions (11) coincide with those obtained in
[12-14].

Experimental

1. Formerly experimental investigations in the
domain of the NQR multiple-pulse spectroscopy
were performed only on substances containing '*N
nuclei (/=1) [15, 16]. In this paper the results of
experiments made on the substances indicated in
the Introduction are presented.

2. Some experiments were made to verify the
supposition of the quasi-equilibrium character of
the spin locking decay of the spin echo signal
amplitude for 7 2 T>. In Fig. 1 the echo signals for
the '*3Sb nuclei in SbCl; are shown vs ¢ for the pulse

sequences
(n/2)o— (t— 7z — 1) and

(r/2)g— (r—mp— D)¥
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Fig. 1. The oscillograms of the echo signals of 123Sb in
polycrystalline SbCl, as functions of the pulse sequencies
(n/2)y— (1= m,, — 1) and (n/2),— (1— my— 1)V (upper
and lower parts of the figure, respectively), frequency is
39.118 MHz.
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T 27
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q

(upper and lower parts of the figure, respectively).
Figure 2 shows the envelope of the signals repre-
sented in the upper part of Figure 1. The same en-
velope for the 3Cl nuclei in CCI3COOH is shown in
Figure 3. These results may be considered as con-
firming the supposition in question in the case of
the substances investigated.
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Fig. 2. The oscillogram of the envelope of the signals
represented in the upper part of Figure 1.
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Fig. 3. The oscillograms of the same envelope as in Fig. 2
but for 35Cl in polycrystalline CCl;COOH and free induc-
tion decay in the same sample (upper and lower curves
respectively), frequency is 39.969 MHz.
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Fig. 4. T, vs. 7 for ¥Cl in polycrystalline CCl;COOH.

3. Some more experiments were performed aimed
at a study of the t-dependence of T,. (see Fig. 4)
and the quasi-equilibrium magnetization M*®4(z), at
the resonance offset 4 (it was found that for 4 + 0
and arbitrary 7 the time dependence of M® was
essentially non-exponential), and at a comparison
between 7. and the time constant 7, [17] charac-
terizing the continuous spin locking situation (it was
noticed that near the resonance, 7. increased when
noticed that near the resonance, 7). increased
when t decreased but always T, remained smaller
than T',).

Conclusions

1. The theoretical approach to problems of the
quadrupole spin system dynamics developed in this
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