Volume 137, number 4,5

PHYSICS LETTERS A

15 May 1989

SHAPE OF TWO-PULSE NMR ECHOES IN SOLIDS

N.A. SERGEEYV, A.V. SAPIGA and D.S. RYABUSHKIN

Simferopol State University, Simferopol 333036, USSR

Received 30 January 1989; accepted for publication 14 March 1989

Communicated by D. Bloch

A new approach to calculate the echo shape in solids is developed. The obtained experimental data agree well with the derived
theoretical expressions describing the shape of the two-pulse echoes in CaF,.

Up to the present time, the evaluations of the two-
pulse NMR echo shapes in solids are provided using
a power-series expansion in times 7 and ¢ (7 is the
pulse separation and ¢ is the time after the second
pulse) [1-5]. These evaluations of the echo shape
in terms of the “moment” expansion permit one only
to describe the short-time behavior of the spin-echo
amplitude. The problem of two-pulse echo shape has
been solved exactly only for simple two- and three-
spin systems [4,6,7]. In this Letter we present a new
approach to calculate the echo shape in solids, which
allows one to obtain a general analytical expression
for the shape of the two-pulse NMR echoes in solids.

The transient response of the spins, in the rotating
frame, to a resonant 90°-1~R~f sequence is [1]
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where R is the operator describing the second rf-pulse
excitation and

Vit t)=

(1)

<A4|B>=Tr(4"B),
[L(t) > =exp(itL)| L. ,

L={[#, ] is a Liouville superoperator [8], and s#
is the interaction Hamiltonian of the spin system.

Let us introduce the orthogonal basis set of vectors
1k> 18],

(5 Im><m|) K
Ik>—(1 m;) (mim> L*| L5,
10>=1I,, (2)
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and represent the vector of the spin-system state
|I.(t)> in the form

TAOPESWATIIOR 3)

where Go(t)=<{0|L.(t))>/{0]0) is the free induc-
tion decay (FID).

The functions G,(¢) are described by the follow-
ing set of equations [8],

. dG,
—-1d—to =UéG1 )
-—i%:Gk_l+vinH k=1,2,.., (4)

where v2=(k+11k+15/Cklkd (k=0, 1, 2, ..).
The first coefficients v% are [8]

vi=M,, »i= (M4—M§)/M2 s

where M, and M, are the second and the fourth mo-
ments of the NMR line shape. From (4) it is easy to
see that the functions G.(¢) (k>0) are determined
only by the function Gy(¢) (FID) and the coeffi-
cients v3.

Using (3) we obtain from (1) the following gen-
eral expression for the shape of the two-pulse tran-
sient response of the spins,
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where |75 =R|I>R-".
We now consider the echo responses to resonant

(3)
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90°-7-9050.-¢ (XY) and 90°-7-83- (XX) pulse
sequences.

(1) For the XY sequence we have R=exp(—inl,/
2). Evaluation of ¢k|75/<0]0) with dipolar Ham-
iltonian gives

_ _1 dGo(r) dGo(2)
V(T,l)—Go(T)Go(t)+M2 i a4t

(6)

The short-time behavior of the functions G (t) is t*
and therefore we may describe the shape of the tran-
sient response of spins by the few first terms in (5).
For crystal CaF,, as was shown in ref. [9], the the-
oretical expression for FID,

Go()=J,(2/M, 1) /M, t, (7

agrees well with the experimental data. In (7) J;(x)
is the Bessel function of the first kind. Using (7) and
restricting only to two terms in (6) we constructed
the dependence of the echo amplitude and its time
position on 7 (fig. 1). From fig. 1 it is clear that the
obtained experimental data agree well with theoret-
ical predictions. It is interesting that the maximum
of the XY-echo is observed at time position <71,
when 7 is increased.

(2) For the XX-sequence we have R=exp(—ifl,)
(p is the rotation angle of the second pulse). Eval-
uation of the first coefficients ( k|75/¢0|0> with the
dipolar Hamiltonian gives
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Fig. 1. (a) Dependence of the 90°~7-90g;. maximum echo am-
plitude V(z, t) on the pulse spacing t for '°F in CaF, at room
temperature (H||[111], M>=1.48x10°s~"). (b) Dependence
of the time , corresponding to the 90°~7-905,. maximum echo
amplitude, on the pulse spacing 7.
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Fig. 2. (a) Dependence of the 90°~7-55° maximum echo ampli-
tude ¥ (7, t) on the pulse spacing 1 for '°F in CaF, at room tem-
perature (Ho|[111], M,=2M3, M, =-~M}/2). (b) Depen-
dence of the time 7, corresponding to the 90°~7-55° maximum
echo amplitude, on the pulse spacing 7.

V(t,t)=cos fGo(t+1)
+cos Bsin’f M, G,(1) G, (1) +..., (8)

where M, ,=M,,—M,+ M3} and M,, is a correction
term.

The first term in (8) corresponds to the FID, which
is registered after the second pulse. The second term
in (8) describes the form of the transient response
of the spins. From (8) we may conclude that at con-
stant T the maximum of V(z, t), i.e. the echo, is de-
termined by the form of the function G,(¢). Using
(7) and restricting only to two terms in (8) we con-
structed the dependence of the echo amplitude and
its time position on 7 (fig. 2). Good agreement be-
tween theory and experiment is obtained. From fig.
2 we may conclude that the behavior of the XX-echo
is quite different from the XY-echo.

Thus, the proposed new approach to calculate the
echo shape allows one to describe all observed pe-
culiarities of the two-pulse echoes in solids. Finally,
it should be remarked that the method demonstrated
here can be easily generalized to treat the echo shape
in solids with molecular motions.
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