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A theory o f the spin-lattice and spin-spin relaxation processes in quadrupole spin systems with 
/ >  1/2 in the situation o f the multiple-pulse NQR spin locking is proposed for the pulse 
sequence MW-4. The theory is based on the assumption that for t ^  T2 the change o f the spin 
system is a quasi-equilibrium process. Rate equations for inverse generalized temperatures are 
obtained and the kinetic coefficients calculated for the case o f exponential correlation functions. 
The above assumption was confirmed for some substances containing the 35C1 and 123Sb, and the 
time constant T]e characterizing the spin echo signal decay was investigated and compared with 
the time constant T, in the case o f  continuous spin locking.

Introduction

1. A theory o f m ultiple-pulse excitation o f q u a
drupole spin systems was proposed som etim e ago 
[ 1, 2] w ithout 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 m ultiple-pulse spin locking. The only 
spin-lattice relaxation m echanism  considered is the 
therm al m odulation o f the electric field gradient. 
The theory is developed for the pulse sequence

(T~  T) 4] and for 7 >  1/2 (any other 
pulse sequence could be considered as well) on the 
supposition that during tim es later than ~  T2 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 2 ~  coi^ =  ( y H  loc)-1-

The linear rate equations for the inverse general
ized tem peratures which enter the corresponding 
state operator were obtained by m eans of the usual 
technique. The kinetic coefficients o f these equa
tions were calculated for the exponential correlation 
functions.

2. To check the above supposition in a concrete 
case, the following experim ent was perform ed: the 
nuclei 35C1 ( 7 = 3 /2 )  and 123Sb (7 = 7 /2 )  were in
vestigated in polycrystalline sam ples o f S bC l3, 
C 2CI6, and CCI3COOH at 77 K; the tim e constant T2
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was found experim entally; for the pulse sequence 
used and times ^  T 2 the signal decay was observed 
with a tim e constant T \ e >  T2, which is considered 
to confirm  the supposition in question. Using the 
sam e substances, some more experim ents were done 
aim ed at the study of the tim e constant T i e and the 
initial value M eq (7^) of the quasi-equilib rium  
m agnetization in dependence on r and the resonance 
offset A =  coq — co, and at a com parison o f r !e and 
the tim e constant T \ g characterizing the continuous 
spin locking situation.

Theory

1. In the operator representation used in [1, 2, 5] 
the von N eum ann equation o f the quadrupole spin 
system is (with h =  1)

'■37 = [•*"('). e(0 ] (0at

with the H am iltonian

9P ( t )  = f ( t )  (aS)  +  ^ dsedc + ^ s l ( 0  • (2)

Here f ( t )  is the pulse function [1, 2], a  the unit 
vector o f the effective field o>e [1, 2], S  the effective 
spin operator [1, 2 ], ^ i d c=  X  with w =  0 , ±  1,

m

±  2 , the secular part o f the dipole-dipole interaction 
operator [2], and ^  Fq{ t )Aq the spin-lat-

Q
tice interaction operator (see [6 ]), the only spin- 
lattice interaction m echanism considered being the 
therm al m odulation of the electric field gradient.

2. After the unitary transform ation rem oving the 
rapid (with respect to T2) part of g ( t )  (see [7 -9 ]) ,
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the evolution o f the slow part g(t )  o f g ( t )  is given 
by the von N eum ann equation

4  =  W U ( 0 ]at

with the H am iltonian

(3)

3P{t)  =  -  coe(aS)  +^d°d + Z  (eiknt/TR rk
k r

+  e - iknt/rR-kr) + g ^ SL( t ) .

H ere ^d°d is the part o f the operator com
m uting with the operator a • S , and the operators R k 
characterize the interaction between the dipole- 
dipole system and the r.f. field, each R k being 
effective on condition kn/T =  rcoe, where 2 r  is the 
interval between pulses.

3. It is our aim  to obtain the tim e dependence 
A (/) o f the am plitude o f the quadrupole spin echo 
signal due to the spin-lattice and spin-spin in ter
actions and to the action o f the r.f. field. This will 
be done on the supposition that the change o f the 
spin system state m ay be considered as a quasi
equilib rium  process for t ^  T2 ~  coioc — ( y ^ i o c ) - 1 , 

w here H\oc is the average characteristic o f the inner 
m agnetic field owing to the spin-spin interaction; if 
the Bloch equation is valid, T2 has the order of 
m agnitude of the transverse relaxation tim e entering 
this equation and characterizes the spin echo signal 
decay if  the pulse sequence -  ( t — t ) n is 
used (that is the sequences from the in troduction in 
the particular case i// =  i//o).

4. In the fram ew ork o f the custom ary “spin tem 
perature approach”, the quasi-equilibrium  process 
m entioned may be described, in the high tem per
ature approxim ation, by the state operator

e“>(<) = z _ ' [ i - « ,1(0 <b. (oS)

-  A ?  « ? ( ' ) « » * ] .  (5)
m

where emm are the projection operators introduced 
in [ 10], and the indices in the last term  on the right 
hand side num ber the points o f the spectrum  of the 
m ain part o f the H am iltonian (see [5]), the dash 
denoting the omission o f those influenced by the r.f. 
field.

5. To calculate A (/), we are in need o f the inverse 
generalized tem peratures ß l q(t), ß%q(t), P^(t ) .  The 
corresponding rate equations may be obtained by

the usual procedure (see [6 ]); they are (eq and t 
being om itted):

“ - Z  w [ ß , - — ß ) \ - T i i ( ß t - ß Q
d t k r  \  COc /

- Z  l K n ( P m - P n ) , (6)

d ^ d V  i i / r  ( W £ ) 2 /  a  0  \
(4) - 7 -  —  — ß * - ß d )

d  /  kr CO loc \ m  I

-7TJ (ßd ~ßt ) , (7)

d P n 
d t

= TTJ, ißt ~ Al) -  Z  Wmn (Pm -  P n) , (8)

where cok =  coe — k n / x r  and ß L is the lattice inverse 
tem perature. The expressions o f the kinetic coef
ficients o f (6 ) - ( 8 ) being very com plicated, they are 
not given here. The dependence o f the kinetic coef
ficients on the pulse sequence param eters and the 
lattice m otion characteristics is given by the func
tions

= 1 ^
k

kn
COmn — I  CO,

sin2 ( 4 1 0 )
( 2  k n + 1 0 )2 ’ (9)

where / =  0 , ± 1/ 2 ± 1, 0  =  2 z c o e , ^  (co) are the 
spectral densities o f the lattice m otion (see [6 ]), and 
comn the transition frequencies o f the m ain part o f 
the Ham iltonian.

The initial values ß ? ( T 2), ß l q (T2), P ^ ( T 2), 
which are necessary to get the concrete solution of 
the rate equations (6 ) - ( 8 ), are to be obtained using 
the condition o f the quasi-conservation o f the cor
responding quantities during the interval ~  T2, 
nam ely: Sp £+ (0) Q  =  Sp @eq Q  with Q =  coeaS ,  
^ d d ,  Z 'AnPemm,  w here <5+ (O) =  0+(O) is the state

m

operator im m ediately after the first pulse, and 
are the eigenvalues o f the H am iltonian’s m ain  part.

6 . To calculate the kinetic coefficients using (9), 
one has to know the correlators g qq' o f the lattice 
m otion (see [6 ]). In the case o f exponential corre
lators [11]

9 q q ’ ( t )  =  < ^ (9) ( 0  F ( - 9 )  ( t  — t )>

=  < W < ^ 2 (° )>  e x p ! ~ t ' / t  q) (10)
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the functions/*9* are 

f (il)(comn- l c o e) =  ( F q2 ( 0 ) )Tq

comnxqs \ n { l 0 ) x„
I  T

These expressions give the dependence o f the kinetic 
coefficients on the correlation tim es rq and the pulse 
sequence param eters t  and 0 .

7. In the particu lar case o f the equidistant spec
trum  of the m ain part o f the H am iltonian, the ex
pressions ( 11) coincide with those obtained in 
[12-14],

Experimental

1. Form erly experim ental investigations in the 
dom ain o f the N Q R  m ultiple-pulse spectroscopy 
were perform ed only on substances containing 14N 
nuclei ( / =  1) [15, 16]. In this paper the results o f 
experim ents m ade on the substances indicated in 
the Introduction are presented.

2. Some experim ents were m ade to verify the 
supposition of the quasi-equilib rium  character of 
the spin locking decay of the spin echo signal 
am plitude for t ^  T 2 . In Fig. 1 the echo signals for 
the l23Sb nuclei in SbC l3 are shown vs t for the pulse 
sequences

(7t/2)o -  ( t  -  nn/2 - r ) N and

(n/ 2 )0 -  (r  — 7r0 -  z)N

(11)

, . 2  2 + - ; ; v  2 2 \2 -  V l [ l~ C O S ( / ( 9 ) ]1 "t" Xq(Omn l ( l  +  Tq(Omn)

2 T
(1 03 m n Zq) Sh  I J 2 CO m n T q S in  (2 T 03 m n 1 0 )

(l +  co2mnz2qy ch ) -  cos(2 rcom„ -  1 0 )

(upper and lower parts o f the figure, respectively). 
F igure 2 shows the envelope of the signals repre
sented in the upper part o f F igure 1. The same en
velope for the 35C1 nuclei in CCI3CO O H  is shown in 
Figure 3. These results may be considered as con
firm ing the supposition in question in the case of 
the substances investigated.

1 0 ' ^ s

Fig. 2. The oscillogram o f the envelope of the signals 
represented in the upper part o f Figure 1.

Fig. 1. The oscillograms of the echo signals o f I23Sb in 
polycrystalline SbCl3 as functions o f the pulse sequencies 
( t t / 2 ) 0 — ( t  — nn/2 — r )  v and ( n /2 )0 -  ( z  -  -  t)n  (upper 
and lower parts o f the figure, respectively), frequency is 
39.118 MHz.

Fig. 3. The oscillograms o f the same envelope as in Fig. 2 
but for 35C1 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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Tm/ t d 3s

Fig. 4. r ie vs. r fo r35Cl in polycrystalline CCl3COOH.

3. Some m ore experim ents were perform ed aim ed 
at a study of the r-dependence o f T [e (see Fig. 4) 
and the quasi-equilibrium  m agnetization M eq(t),  at 
the resonance offset A (it was found that for A 4= 0 
and arb itrary  t  the tim e dependence o f A/eq was 
essentially non-exponential), and at a com parison 
between T\  e and the tim e constant T \ e [17] charac
terizing the continuous spin locking situation (it was 
noticed that near the resonance, r )e increased when 
noticed that near the resonance, T \ e increased 
when t  decreased but always T \ t rem ained sm aller 
than T , e).

Conclusions

1. The theoretical approach to problem s of the 
quadrupo le  spin system dynam ics developed in this
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