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Abstract: The general “solid-echo” technique (27 + 1) - 907 - 7- 908 - Acg (¢), which allows to inverting
the dipolar Hamiltonian sign and to observe the echo signal, has been proposed.

In 1950 E. Hahn demonstrated that the two-pulse sequence 90° - 7~ 180° - Acg (7) applied
to the inhomogeneously broadening spin system (for example the nuclear spins in liquid) leads
to an appearance of the echo signal at 7 = 7 [1]. The amplitude of the Hahn’s echo does not
depend on 7. When dephasing mechanisms do not operate. In the case of the homogeneously
broadening spin system (for example the nuclear spins with dipole-dipole interaction be-
tween them) Powles, Mansfield and Strange proposed the “solid-echo” technique 90y - 7- 90§
- Acq (1) [2, 3]. As it was shown [2, 3] in this case the echo signal is also observed at ¢ = 7.
However the amplitude of solid-echo signal depends on 7 as 7* and the echo signal may be
observed only for small values of . The formation of solid-echo, contrary to the Hahn’s echo is
not connected with inverting of dipole interaction Hamiltonian sign by RF pulses [4]. In this
report we consider the general “solid-echo” technique, which allows to inverting the dipolar
Hamiltonian sign and to observe the echo signal.

Let us consider at a first the simple two- pulse model sequence: a$ - 90y - Acg (¢). The first
RF pulse is a hard pulse ay, for which rotational angle is o = (21 + 1) - (nl2yand n=1,3,5....
The RF field of this pulse lies along the O¥-axis in the rotating frame. After the first RF pulse
the density matrix has the form:

p() = exp (-iH1) - p(0) - exp iH,). (1)

Here p(0) is the density matrix at ¢ = 0 and the interaction Hamiltonian H is [4-6]:
o
H="a’11y"EHy' )
In Eq. (2) w; is the frequency of RF pulse and
Hy=3 b0 1 - 101~ 1)1]). )
L

Assuming that p(0) = I, and the duration of the RF pulse ty =(@2n+ 1) (72 w;) one obtains, from
Eq. (1)

n -1 .1
pt) =(-1) exp(:EHyt,) 'IX'GXP(‘IEH}'HJ . )
If at the time ¢ the second delta 903, pulse is applied (for the delta 90° pulse it is assumed that

wt, = 90° at the width of pulse ¢, = 0 and the amplitude of the RF field w; = =), the density
operator becomes:
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pr(t)=(1)" CXP(i%Hztl] Ay exp(—i%Hztl) ’ ®)

where
H,=¥ b,QL 1~ 1,1~ 1 1), ©
L]

After the second RF pulse, the Hamiltonian H, describes the free evolution of the density
operator and at the time ¢ (the time # is measured from the beginning of the first pulse) the density

operator has the form:
-iH, t—étl I expliH,| t- étl , @)
2 2
The observed transient response of the ensemble of spins, is given by

Tr{exp —iHZ(t— 3tl)l-lx~exp iHZ(t— itl”-lx}
2 2 , ®)

T(12)
From Eq. (8), it follows that at ¢ = 3¢,/2 we have V (¢, t = 3¢,/2) = 1 or we should observe
the echo signal. The amplitude of this echo signal does not depend on ¢,.

The considered model of pulse sequence cannot be applied in real experiments. At first there
is always a finite time between the end of the first RF pulse and the beginning of the second
pulse. Also the second RF pulse has the finite width and one is not the delta pulse. All these
factors induce an attenuation and deformation of the echo signal. It is easily shown that for real

two-pulse sequence (2n + 1) - 903 - 7- 90% - Acq (¢) the maximum of echo signal is observed
at [4]:

p@,t) =(-1)"exp

Vi, = (10"

4

te=2r+t2—5

5 ®

where 7is the time distance between the beginning of the first RF pulse and the beginning of
the second RF pulse.

* t,=31.8 us = t,=10.8ps
4 . t,=42,4 us 4 t=18us
K e 1,253 s 1,=25,2 ps ) ) )
H Fig. 1. The dipolar echoes in NH,Cl at
B the room temperature for the pulse sequences:

270y - 7- 90y - Acq (¥),
450y - ©- 90y ~ Acq (8),
N 630y - - 90% - Acg (#).
' t,=36ps;t-1=58ps
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Experimental measurements of the echo signals for the pulse sequences 2703 - 7 - 90%
- Acq (1), 4503 - 7~ 90% - Acq (1), 6305 - 7 - 90y - Acq (?) for polycrystalline NH,CI are
shown in Fig. 1. Experimental values of time positions of the echo signals are in good agreement
with Eq. (9).

We considered also the influence of molecular mobility on the echo signal observed after the
two-pulse sequence (2n+ 1) - 903 - 7- 90% - Acq (£), and obtained [7, 8]

2

- AM, 7 R(t,1,, 1,1, rc)}, (10)

- lexp -L
T 2 T,
1 4 1 -t 1 T+,
+ =X - —exp| - + —expl - Z
2P T ) 2 T i (11

-7 1-7-1 1 T 1 THhL -
+eXpy - teXp| ~——— | +—exp| -—— | + Zexp| ~———
% 7, 2 7. 2 T,

In Eq. (10) AM, = M, - M,, where M, is the second moment of NMR line for a rigid lattice;
M, is the second moment of motional narrowed NMR line. In Eq. (11) 7, is the correlation time
which describes the molecular mobility in solid.

From Eqgs. (10) and (11) it follows that in the case of rigid lattice (M, zf' > 1) and motionaly
narrowed NMR line (Mzz‘c2 < 1) the time position of the echo signal is determined by Eq. (9).
The dramatically changes in echo signal behavior are observed in the slow-motion region (M, z‘cz
= 1). In this region the amplitude of dipolar echo signal is reduced and the time position of the
echo signal maximum is shifted to the end of the second pulse. The obtained Egs. (10) and (11)
have been applied to the analysis of the temperature dependencies of dipolar echo signals in am-
monium chloride NH,CI. The experimental and theoretical data are shown in Fig. 2 and Fig. 3.

=, t
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7 ! 3tl 1 tl
R(t, 6,5 t,7)=-=+ =~ L _exp| - —exn| -
(b1 5007 4 PP P
T—.

KRR

< [4

N

0 /,,;-;vvv"‘vw‘v‘vv;'vw
45 v'
v v

Fig. 2. The temperature dependencies of the time 40 ‘ i e en
positions of the dipolar echoes maximum in _ ;*,--""":‘ LRAAX .
NH,CI for the pulse sequences: 2 34 D
270y - - 90% - Acq (o), =] ' \.! J — e
4503 - 7~ 90% - Acq (1), LY o
630y ~ 7~ 90% - Acq (o). 25 = o a0
L= 3.6 PS; T - 4= 36 us o] W s e

T T T T T
50 100 150 200 250 300 350
Temperature [K]



78 P. Bilski, N. A. Sergeev, J. Wasicki

Fig. 3. The temperature dependencies of the dipolar
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A comparison of the developed theory with experimental results demonstrates a good
agreement between them,
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