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Abstract

Experimental evidence of observing a rather unusual spin-locking spin echo (SLSE) effect in the fields of two multi-pulse
sequences (u0)x � (s � ux � 2s � ux � 2s � u�x � 2s � u�x � s)n and (u0)x � (s � ux � 2s � uy � s)n in 14N nuclear quadrupole
resonance is presented. It was demonstrated that the SLSE effect is observed only in the even pulse intervals of both sequences.
All experiments were carried out at room temperature on a powder sample of NaNO2. A theoretical description of the effect is given.
� 2005 Elsevier Inc. All rights reserved.
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1. Introduction

The discovery of the multi-pulse spin-locking spin–
echo (SLSE) effect in the nuclear quadrupole resonance
(NQR) spectroscopy [1] greatly stimulated the develop-
ment of this area of spectroscopy. The possibility pre-
sented by the SLSE effect to accumulate multiple
signals radically increased the range of compounds that
could be studied as it permitted to detect directly even
the weak signals in nitrogen-containing substances.
The practical significance of this was recently confirmed
by a whole new range of NQR applications [2–6].

Therefore, the great interest of researchers in the
SLSE effect reflected in numerous publications of both
experimental and theoretical nature [1,7–18], is justified.

Until now the SLSE effect in NQR has been observed
experimentally in the fields of only three multi-pulse
sequences:

MW-4 [1]

ðu0Þy � ðs� ux � sÞn; ð1Þ

MW-2 [7]

ðu0Þx � ðs� ux � 2s� u�x � sÞn ð2Þ
and [18]

ðu0Þp=4 � ðs� ux � 2s� uy � 2s� u�x � 2s� u�y � sÞn:
ð3Þ

(u0 and u are the flip angles of the preparatory pulse
and the other pulses of the sequence, respectively).

In the case of the quadrature detection the signals ob-
served after all the three sequences do not display any
significant differences. This becomes obvious if we con-
sider the equations for the spin system magnetisation
obtained for each of the three sequences [14,18] which
vary only by the value of the resonance offset of the
effective field of the sequence.

This communication presents data on a rather unu-
sual SLSE effect that is generated by sequences of the
following type:

ðu0Þ/ � ðs� ux � 2s� ux � 2s� u�x � 2s� u�x � sÞn
ð4Þ
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and

ðu0Þ/ � ðs� ux � 2s� uy � sÞn; ð5Þ

where / is the preparatory pulse phase.
The peculiarity of the effect consists in its being ob-

served only in the even pulse intervals of each of the se-
quences and whatever the phase of the preparatory pulse
/ is set, it is never observed in the odd intervals.

A theoretical analysis given in the paper confirms that
the focusing properties of the spin-system with homonu-
clear dipole interactions can only be observed in the
even pulse intervals of sequences (4) and (5). The analy-
sis was carried out on the basis of a two-particle model.

All experimental data presented in this communication
was obtained for powder NaNO2 at room temperature.

2. Theory

2.1. Preliminaries

To display the principal peculiarities of the formation
of the echo signal to sequences (4) and (5) we will use a
two-particle model and a detailed formalism of two-par-
ticle operators (TO) [19]. The relations between TO and
ordinary one-particle operators of a fictitious spin-1/2
are presented in Tables 1–3.

Similarly to [19] we use the following system of nota-
tions. The place of the operator in the product of two
one-particle fictitious spin-1/2 operators corresponds
to the number of the spin to which this operator refers.
Thus, if we are considering a system consisting of two
spins 1 and 2, than for example operator Ip,1 for spin
1 can be presented as I ð1Þp;1 ¼ I ð1Þp;1I

ð2Þ
E ¼ Ip;1IE (IE is a unit

operator for spin 2).
Further on we will also use the ordinary notation of

operators of a fictitious spin-1/2 for designating the
sum of the corresponding one-particle operators:

Ip;1 ¼I ð1Þp;1 þ I ð2Þp;1 ¼ Ip;1IE þ IEIp;1 ¼ 2Kp
1 þ L1 þM1;

Ip;2 ¼I ð1Þp;2 þ I ð2Þp;2 ¼ Ip;2IE þ IEIp;2 ¼ 2Kq
1 þ L2 þM2;

Ip;3 ¼I ð1Þp;3 þ I ð2Þp;3 ¼ Ip;3IE þ IEIp;3 ¼ 2Kr
1 þ L3 þM3: ð6Þ

The total quadrupoleHamiltonian of the two-spin sys-
tem in terms of two-particle operators looks as follows:

Table 1
Definitions of two-particle operators

Kp
1 ¼ Ip;eIp;1 þ Ip;1Ip;e, K

p
2 ¼ Ip;2Ip;3 þ Ip;3Ip;2

Kp
3 ¼ Ip;3Ip;3 � Ip;2Ip;2, K

q
1 ¼ Ip;eIp;2 þ Ip;2Ip;e,

Kq
2 ¼ Ip;3Ip;1 þ Ip;1Ip;3, K

q
3 ¼ Ip;1Ip;1 � Ip;3Ip;3,

Kr
1 ¼ Ip;eIp;3 þ Ip;3Ip;e, Kr

2 ¼ Ip;1Ip;2 þ Ip;2Ip;1,

Kr
3 ¼ Ip;2Ip;2 � Ip;1Ip;1, Kp

e ¼ Ip;1Ip;1 þ Ip;eIp;e,

Kq
e ¼ Ip;2Ip;2 þ Ip;eIp;e, Kr

e ¼ Ip;3Ip;3 þ Ip;eIp;e,

KE = Ip,1Ip,1 + Ip,2Ip,2 + Ip,3I3 + 3Ip,eIp,e,

L1 ¼ 1
2½ðIE � 2Ip;eÞIp;1 þ Ip;1ðIE � 2Ip;eÞ þ Iq;1Ir;2 þ Ir;1Iq;2
þ Iq;2Ir;1 þ Ir;2Iq;1�,

L2 ¼ 1
2½ðIE � 2Ip;eÞIp;2 þ Ip;2ðIE � 2Ip;eÞ þ Iq;1Ir;1 þ Ir;1Iq;1
� Iq;2Ir;2 � Ir;2Iq;2�,

L3 ¼ 1
2½ðIE � 2Ip;eÞIp;3 þ Ip;3ðIE � 2Ip;eÞ � Iq;1Iq;1 � Iq;2Iq;2
þ Ir;1Ir;1 þ Ir;2Ir;2�,

Le ¼ 1
2ðIq;1Iq;1 þ Iq;2Iq;2 þ Ir;1Ir;1 þ Ir;2Ir;2Þ � 2Ip;2Ip;1
þ 1

2ðIEIp;e þ Ip;eIEÞ,
M1 ¼ 1

2½ðIE � 2Ip;eÞIp;1 þ Ip;1ðIE � 2Ip;eÞ � Iq;1Ir;2 � Ir;1Iq;2
� Iq;2Ir;1 � Ir;2Iq;1�,

M2 ¼ 1
2½ðIE � 2Ip;eÞIp;2 þ Ip;2ðIE � 2Ip;eÞ � Iq;1Ir;1 � Ir;1Iq;1
þ Iq;2Ir;2 þ Ir;2Iq;2�,

M3 ¼ 1
2½ðIE � 2Ip;eÞIp;3 þ Ip;3ðIE � 2Ip;eÞ þ Iq;1Iq;1 þ Iq;2Iq;2
� Ir;1Ir;1 � Ir;2Ir;2�,

Me ¼ �1
2ðIq;1Iq;1 þ Iq;2Iq;2 þ Ir;1Ir;1 þ Ir;2Ir;2Þ � 2Ip;2Ip;e

þ 1
2ðIEIp;e þ Ip;eIEÞ,

N1 = Ip,eIp,e, N2 = Iq,1Iq,1 + Iq,2Iq,2 + Ir,1Ir,1 + Ir,2Ir,2 = Le �Me,

N3 ¼ 1
2½ðIq;3 � Ip;3ÞIE þ IEðIq;3 � Ip;3Þ� ¼ � 2

3E þ ðIEIp;e þ Ip;eIEÞ
¼ � 2

3E þ Le þMe þ 4N1,

E = IEIE, Ip;e ¼ 2I2p;i

Table 2
The commutation, anticommutation, and trace relations

½Kp
1;K

q
1� ¼ �½Kp

2;K
q
2� ¼ 1

2iK
r
1; ½K

p
1;K

q
2� ¼ �½Kp

2;K
q
1� ¼ �1

2iK
r
2,

½Kp
1;K

q
1�
þ ¼ �½Kp

2;K
q
2�
þ ¼ 1

2K
r
2; ½K

p
1;K

q
2�
þ ¼ ½Kp

2;K
q
1�
þ ¼ 1

2K
r
1,

½Kp
1;K

q
3� ¼ ½Kp

1;K
r
3� ¼ ½Kp

1;K
q
e � ¼ �½Kp

1;K
r
e� ¼ 1

2iK
p
2,

½Kp
1;K

q
3�
þ ¼ ½Kp

1;K
r
3�
þ ¼ ½Kp

1;K
q
e �
þ ¼ ½Kp

1;K
r
e�
þ ¼ 1

2K
p
1,

½Kp
2;K

q
3� ¼ ½Kp

2;K
r
3� ¼ ½Kp

2;K
q
e � ¼ �½Kp

2;K
r
e� ¼ �1

2iK
p
1,

½Kp
2;K

q
3�
þ ¼ �½Kp

2;K
r
3�
þ ¼ ½Kp

2;K
q
e �
þ ¼ ½Kp

2;K
r
e�
þ ¼ 1

2K
p
2,

½Kp
3;K

q
3� ¼ ½Kp

e ;K
q
e � ¼ ½Kp

3;K
q
e � ¼ ½Kp

e ;K
q
3� ¼ ½Kp

e ;K
p
a� ¼ ½Kp

a;K
p
b�
þ ¼ 0,

½Kp
e ;K

q
3�
þ ¼ ½Kp

e ;K
q
e �
þ ¼ �½Kp

3;K
q
3�
þ ¼ �½Kp

3;K
q
3�
þ ¼ 1

2ðKE � 2Kr
eÞ,

½Kp
a;K

p
a�
þ ¼ ½Kp

e ;K
p
e �
þ ¼ Kp

e ; ½Kp
a;K

p
e �
þ ¼ Kp

a; ½Kp
a;K

p
b� ¼ iKp

c ,

[KE,K] = 0, [KE,K]
+ = 2K, Tr(KE,K) = Tr(K);

The linear relations
Kp

e ¼ 1
2ðKE � Kq

e þ Kq
3Þ ¼ 1

2ðKE � Kr
e � Kr

3Þ ¼ KE � Kq
e � Kr

e
¼ 1

3ðKE þ Kq
3 � Kr

3Þ,
Kp

3 ¼ 1
2ðKE � 3Kq

e � Kq
3Þ ¼ 1

2ð�KE þ 3Kr
e � Kr

3Þ ¼ �Kq
e þ Kr

e
¼ �Kq

3 � Kr
3,

Kp
3 þ Kq

3 þ Kr
3 ¼ 0;Kp

e þ Kq
e þ Kr

e ¼ KE;

The trace relations
TrðKEÞ ¼ 3, TrðKp

eÞ ¼ 1, TrðKp
aÞ ¼ 0, Tr½ðKEÞ2� ¼ 3,

Tr½ðKp
aÞ

2� ¼ Tr½ðKp
eÞ

2� ¼ 1
2,

TrðKp
aK

p
bÞ ¼ TrðKp

aK
p
eÞ ¼ TrðKp

aK
q
bÞ ¼ TrðKp

1K
q
1Þ ¼ TrðKp

2K
q
2Þ ¼ 0,

TrðKp
eK

p
3Þ ¼ TrðKp

eK
q
eÞ ¼ �TrðKp

3K
q
3Þ ¼ �TrðKp

3K
q
3Þ ¼ �TrðKp

3K
q
eÞ ¼ 1

4,

Here, a, b, c = x,y,z, and K denotes any operators of the set; these
relations hold also after cyclic permutations of p, q, r, and/or a, b, c.

Table 3
The relations among two-particle operators

[K,L] = [K,L]+ = [K,M] = [K,M]+ = [L,M] = [L,M]+ = 0,

[N,K] = [N,L] = [N,M] = [N1,N2] = [N2,N3] = 0,

Tr(KL) = Tr(KM) = Tr(LM) = 0,

[La,Lb] = iLc, [La,Lb]
+ = 0, [La,Lb]

+ = [Le,Le]
+ = L, [La,Le] = La,

Tr(La) = 0, Tr(Le) = 1, Tr(La,Lb) = 0, Tr½ðLaÞ2� ¼ 1
2,

Here, a,b,c = x,y,z or cyclic permutations; K, L, M or N denote any
operator of the K, L, M or N sets, respectively.
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