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ABSTRACT

A theory of the high resolution NQR spectroscopy experiments
is developed in the framework of an average Hamiltonian approach
analogous to that used in the theory of the NMR line pulse nar-
rowing in solids. A specially constructed unitary operator is
found making it possible to treat r. f. excitation of spin sys-
tems with nonequidistant spectra, spin and EFG asymmetry parame-
ter being arbitrary. Time averaging is used to get an average Ha-
miltonian appropriate to dealing with arbitrary periodic mualtiple-
pulse sequences. Relations between the sequence parameters are
found ensuring realization of the averaging above mentioned in
different cases of interest. The theoretical results obtained are
consistent with available data on NQR multiple-pulse experiments.

INTRODUCTION

The high resolution FMR spectroscopy in solids emerged owing
to the elaboration of the multiple-pulse narrowing technigue and
the developing of the mean Hamilitonian theory (see ref.1-3).
Later on, more complicated systems were studied (ref.4-6) and
more general theories proposed (ref.7-9 and ref.I0-11).

As to the high resolution pi*oblem in the NQR spectroscopy,
only the case of the spin T = 1 was treated using different theo-
retical approaches analogous to those above mentioned (ref.l2-14
and ref.15-17). In the paper presented a new theory is suggested
making it possible to deal with gquadrupole sSpin systems consis-
ting of indentical nuclei with arbitrary spin influenced by an
arbitrary meltiple-pulse and -frequency r.f. field. Hereafter the
main points of this theory are described and then an example of

its application is considerede.

RESULTS
General theory

The von Neumann eguation for the state operatorup(t) of the
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systéﬁ in question is (with h z.i)
ija('t) =, p(t)] @)

with Hamiltonian

here
eQq;, .o < _
EQ =§Im§%)[3122 -*'I:!2 + % (132 + 132)} 3

represents the interaction of the spin system with the spatially
aversged. electric field gradient (EFG) (the notations are conven-
tional, the summation extends over the nuclei), Hy takes into
account the space inhomogeneity of the EFG and the interections
of the nuclei with one another (direct and indirect spin-spin
interactions), and Er.f.(t) gives the zction of the x».f. field
on the spin system: :

B o (t) = 2 27T Hjeos(w b + 2(8))2,(8) 3 (4)

here » @, arve the r.f. amplitudes and frequencies and fp(t),
£¢(t) usual and phase pulse functions respectively. Using the
projection operators ej (see ref.18) defined by their matrix
elements in the HJ representatlons (Hﬁ > Eg, see Bq.{(3)), the
following expression of H(t) may be obtaindd:

-1 o ;5 i i
H(+) = (21 + 1) %Zwmegm+ %Z el ed, + %ZZ,DJ'-e”
ed, + T T3 2 pE IRty (t)con(@ b + £eed, ()

. o iJ
where w ma

are the matrix elsments (in the representations above mentioned)
~f the '1nhomogeneity part" of Hy, "spin-spin part® of Hl, and
_tne operator 1 Itot {(where Itot is the total spin and lp the
unit vector of Hp) respectively.

It proves to be profitsble to carry out the unitary transfor-
mation of the operators used by means of the transformation ope-
rat@i U{t) = exp(iat) with ( ref.19, 20)

are the eigenfrequencies of H, and a3 ons Dmamn’ » Ign
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= (2T + l)-1§mznwmegm (6)

. a — a0 R
where = w_ if w on W _ and wm:n = wmn otherwise (the

performing of this transformations will be denoted by tilde). Ine
result is this:

15(%) = [H ()] (1)
with
3% e ~a ~
H'=Hy « Hy + H ¢ (e)
where
g = & =+ 1)t T A__ed (9)
Q Q - mn®mm

J mn
and A = w’ n - @ .. As usual, we replace §1 by its secular

(with respect to HQ) part Hiec and Hr ¢, by its part H?: ¢, con-
taining no rapidly oscillating terms (refs. 1, 2). So we obtain

* _ sec *
B (%) = HQ + Hy  + H. 5. (10)

instead of Eg. (8).

In the farther development of the theory we confine ourselves
to the case of one-fregquency pulse sequences with f¢(t)=const
(no index p is necessary), to present the principal points of the
theory without ertering intc technical details; the extension of
the theory aimed at taking account of arbitrary pulse sequences
is also done. It may be shown in the way analogous to that used
in (ref.,7) that in this case the sum B + HI £, in Eq. (10) may
be replaced by the operator aJ -S w1thout any change of the
results obtainable by means of H if co -LO & and S are defined
as follows: W _ is the solution of the equatlon

cos( t‘:w ) = cos(—) cos( c A® I Os%-w <2 (11)
and

ay = sin(q)) sin'"l( € W ), as = 0, az= cos(2 ) sin(t—°A)

=1, o .
sin™ (58 @.)s (12)
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'Jere : Aw = 4(2I + 1) A, t, 1s the pulse sequence period ,
2?]/ RR* 9 is the_ pulse angular duration, and K, K,
R, r* a::e some knoﬁn functions of the matrix elements of the ope-~
rator 7. Itot mentioned after BEq. (5)3 as to the express:.ons of
the components Sl 2,3 of S, they are rather complicated and we
confine ourselves to putting down their commutation laws: [Sa,Sb]—
iSc, a,b,e¢ = 1,2,3 with eyclical permatations. It is possible
and convenient to. present erc as the sum Z E."'n m=0,* 1/2,t 1,
*3/2,% 2, the Hm obeying commutation laws [( -5 ), Hm] =
After doing that and using the approach analogous to that uti-
lized in (ref.9), the following equation of motion may be ob-
- tained Tor P (%) = L 1(+) F (+)L(%) with L(t) = Texp{-ljdt[HQ +
B:r £. (‘t:)J} s T being the Dyson time ordering operator (ref 1)

1F®) = e[S 1) exp(-120%) V3, F(D)] , (13)

where € = [l E,llt,, T = t/ T xm(*f) are some known periodic func-
tions with the unit periocd, 8 = t,w,, and vE o= Hlll'l HY. In the
mltiple-pulse experiments one usually chooses t. in such a man-
ner that €E<< 1 which makes it reasonable to apply the method
analogous to that used in (ref.10,11) and to replace approximately
(with respect to € ) the equation (13) by the following eguation
for § (t):

15 =el[§, §(t)] | (14)

with the time-independent operator

S - X n
= € ~m -m -m
H = —_— 1
2 ng-m% 2ntn +mo v, vm] . (15)

where X; are the Fourier coefficients of the functions lm(€)°

.The operator =4 being time-independent, one can treat different
problems of the spin system dynamies, by means of the equation
(14) much easier than by means of the equation (1) with time-de-
pendent H(t). In particular, it conserns the problem of the RQR
lines narrowing. An example of the approach to such problems
based on the use of the operator H is considered below.
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Example
It is well known that the NQR line spectrum may be obtained

as the Fourier transform of the envelope of the echo signals.
Consider the simple "model® case where the spectrum consists of
only a single line. This line is narrower the flatter is the
envelope - that is, the nearer to zero is the commutator [E,E(O)]
where fi(o)_is P just after the first pulse. So the condition of
the ideal narrowing is this:

(note that this condition follows from the time-independence of
Hr).

. ° N

Consider now the concrete pulse sequence Q%L— (t —¢§-—T]

where qg,(P;Oandcp ,QQ, are the phase and angular duration of the
first and all the next pulses respectively. Construeting H for
this sequence, it may be shown (ref. 20) that in the case 41—¥J=
JT/2 Eq. (16} follows from the condition

tg(%’) (ted}) ™t = sin(A®T) a7

which occurs for A = 0 and arbitrary q>q, if (DZ, =1 /2. The
case dﬁ%=it/2, A=0, and ¢,- ¢ =7/2 ocecured inothe experi-
ments (ref.l3,14); in these experiments the echo signals were
observed during a long time ~ 1l0 sec which means that the line
was very narrow . This is an ezample of the agreement of our
theoretical prediction and the experimental data.

Conclusion

The succes of NMR line narrowing theories makes it reasonable
to apply the analogous theory to NQR. The theoretical approach to
the study of the gquadrupole spin system dynamics presented in
this paper may be used : to find the pulse sequence para-
meters and the initial condition ensuring the line narrowing by
means of the cut-off (one is used to call it "averaging”) of some
kind of interactions in the spin system; to study the weak inte-
ractions after cut-off of the strorg ones; to analyse the results
of the relaxation experiments airmed at the investigation of the
slow motions of molecules and molecular fragments in crystals.
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