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useful for the particularly difficult class of
atoms with small hfs and short lifetime. A
limitation of the technique is that an inversion
of the hfs levels may be necessary to avoid
a first-order repulsion of levels with the same
magnetic quantum number.
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where nk is a unit vector in the direction of
the pulse field in the rotating frame. The state
of the system following the nth pulse at time

ls

nT= Q 7')t,

k=1

Consider a spin system having an internal
static Hamiltonian X, initially prepared in the
state [0) and then subjected to a train of brief,
intense, magnetic field pulses whose effects
can be represented by the rotations

P =exp( i6 n I),

A sequence having this property will be called
a cycle. The pulse trains used by Carr and
Purcell, ' Ostroff and Waugh, ' and Waugh and
Huber' are cyclic for n=2, 4, and 2, respec-
tively. After N cycles (time f =NT) the state
of the system is

It&=
) II e~(-iTkx k)F io&

k=1

It can be shown that if T«T2, where T, is
a natural time of the system associated with
K, and often under less restrictive conditions,
if) becomes describable in terms of an aver-
age Hamiltonian $C:

n

Ir)=( n rp exp(-i'' ))~10).
k=1

iT)=J II exp( i7 X ) II P JIO),
k=1

where

Imagine that the n pulses are so chosen that
n

180

I' = 1.
mm=1

As usual, it is to be understood that the oper-
ators in a product act successively in order
of increasing index. Equation (2) can be re-
written as

(2)
] t) = exp (-iki) i 0),

(7)

This result is in some ways reminiscent of
the phenomenon of motional averaging, ' but
here it is the spin operators rather than the
lattice operator which are time dependent,
and the "fluctuations" of X are periodic rath-
er than random. More importantly, the aver-
age Hamiltonian obtained is under the control
of the experimenter through choice of the puls-
es Pi, and weighting factors 7I,/T.

An interesting case arises when K consists
of static, homonuclear, dipolar interactions
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Kd and chemical shifts or Knight shifts 3C~'.

Many cycles can be found for which Xd =0,
X6o 0. One such is a cycle (r, P, 2w, P
z, P&, 2r, P &), where all pulses are 90' rf
pulses and the subscripts indicate their direc-
tions in the rotating frame (carrier phases
in the laboratory). One easily finds from the
definition of R that Xd = 0, R6 = 3 '~+5~Iz~',
where the z' axis lies along the (ill) direction
in the rotating frame.

Figure 1(a) shows the phase-detected "FBloch
decay of a sample consisting of a small single
crystal of CaF~ and some liquid C,H, CF,. The
fast decay of the solid signal is followed by
a much longer decay of the liquid signal, and
the latter shows a sinusoidal modulation because
the magnet was set slightly off resonance.
To obtain Fig. 1(b), the abovementioned pulse
sequence was employed on the same sample
with g = 6 p, sec. The magnetization was detect-
ed at a given point in each cycle with a sam-
ple-and-hold circuit. A compound modulation
is obtained because there is a difference in
chemical shift between the CaF, and C,H, CF3

spins, and the dipolar interactions in the sol-
id have been effectively removed.

According to a well-known theorem, ~' the
Bloch decay is a Fourier transform of the un-
saturated slow-passage spectrum. According
to (6), the Fourier transform of Fig. 1(b) is
the slow-passage spectrum which would be
obtained from a system in which dipolar broad-
ening had been removed and all chemical shifts
had been reduced by W3. This scale factor has
been accurately verified by means of extensive
measurements on liquid samples, in which
the beat frequency in the multiple-pulse exper-
iment is compared with that for the Bloch de-
cay, for varying offsets from resonance.

Figures 1(c) and 1(d) show the computed Four-
ier transforms of the decays in Figs. 1(a) and

l(b). As expected, the dipolar broadening of
the solid has been suppressed without loss of
the chemical shift. The residual linewidths
are largely governed by instrumental effects,
including warping of the Zeeman field by bulk
diamagnetic effects associated with the high-
ly nonideal sample geometry employed. In
other experiments with slightly better geome-
try, we have obtained linewidths more than
three times smaller.

The separation of the peaks in Fig. 1(d) cor-
responds, after applying the v3 scale factor,
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FIG. 1. (a) F Bloch decay in a sample consisting of a CaF2 crystal wet with liquid C&H5CF3. The CaF2 signal
disappears quickly and is followed by an off-resonance beat from the liquid. (b) Sampled precession signal from
the same sample during a multiple pulse experiment with v=6 psec. Both components of the signal are visible for
a relatively long time. (c) Computed Fourier transform of the signal in (a). The sharp resonance of the liquid
goes many times off scale. (d) Computed Fourier transform of the signal in (b), showing narrowing of the CaF~
resonance and chemical shift.
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(Fr /H ) tana=v2,
v

(10)

a pulsed analog of the Lee-Goldburg situation
is realized. In addition to the useful fea.ture
that the magnetization can be "continuously"
observed, note that the first-order effects of

to a shift of the CaF, resonance from C,H, CF3
by 43 ppm in the direction of increased diamag-
netic screening. This is of the same order
of magnitude as the shift of 53 ppm reported
for aqueous F vs G,H, CF„'~'but the differ-
ence is significant.

There appears to be no limit in principle
to the extent to which static dipolar broaden-
ing can be reduced by this and related meth-
ods. In practice, our measurements to date
seem to be limited by (a) inhomogeneity of H„
(b) inhomogeneity of the rf field H» (c) the
extent to which T/T, can be practically reduced,
and (d) finite pulse width (1 p, sec in these ex-
periments). These limitations can certainly
be largely removed. (c) and (d) can be simul-
taneously removed to first order, for exam-
ple, by using an 8-pulse cycle in which the
first half is as described and the second half
employs a reversal of all rf phases.

The present experiment has an interesting
analogy to the method of Lee and Goldburg. "
The average Hamiltonian is in fact the same
as the Lee-Goldburg effective Hamiltonian for
the appropriate limit Hl/Hloc- ~. It is, how-
ever, not clear that the limiting behavior is
approached in the same way in the two exper-
iments when HI/Hlocw ~, T/T, w0.

The analogy does suggest a pulse experiment
in which a train of identical current pulses,
each producing a field containing an rf compo-
nent of amplitude 2Hg and a video "pedestal"
of amplitude Hv, are applied to a coil whose
axis is inclined to H, at an angle G If Qj Hv,
and + are adjusted so that

inhomogeneity of the coil field are removed
because of the fact that both H, and Hv arise
from the same current distribution. Therefore,
the "magic angle" condition (10) is maintained
throughout the sample.

The theory outlined in the first part of this
Letter can be generalized to allow for finite
pulse widths, and indeed, for arbitrarily time-
dependent applied fields, by use of a general-
ized interaction representation appropriate
to continuously time-varying noncommuting
operators. We will report on this subject else-
where.

The experiments reported here were performed
with a single-coil pulse spectrometer operat-
ing at 54.0 MHz and producing a peak rotating
field of 60 Oe.

We are indebted to R. L. Void, J. D. Ellett,
Jr., and R. W. Amdt for invaluable assistance
and stimulating discussion.
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