Modulation effects in multipulse NMR experiments
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The combined action of a multipulse sequence and modulation of the external
field on a spin system is examined. A spin-locking signal in a doubly rotating
coordinate system (DRCS) in multipulse NMR experiments is obtained
experimentally for the first time.

It is convenient to describe a spin system irradiated with a strong rf field using a
rotating coordinate system (RCS) in which an effective field is operating.' It is also
possible to determine the corresponding effective field when a periodic sequence of rf
pulses acts on the system.” If an additional alternating field with frequency close to
the Larmor spin-precession frequency of the effective field is applied in this case
perpendicularly to the latter, then a resonance appears in the effective field. This
additional alternating field can be created, for example, by modulating the constant
magnetic field.

Two cases can be distinguished. 1) If the amplitude of modulation is less than
the effective dipole interactions, then the modulation will lead to a monotonic
change of the projection of magnetization on the effective field. This case can be
described with the help of the saturation theory.? 2) If the amplitude of modulation is
greater than the effective dipole interactions, then the magnetization will precess in a
coordinate system with double rotation (DRCS)* around the direction of the new
effective field. Since the effective dipole interactions in such experiments can be
much smaller than the starting dipole interaction,’ the precession of magnetization
can be observed in very weak effective fields.
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The NMR signal in the effective field created with the help of continuous irra-
diation was observed by Mefed,® the component of the magnetization aligned along
the constant magnetic field with a relatively low frequency of the effective field was
also studied. In multipulse experiments the magnetization is measured during the
intervals between the pulses directly at the high frequency, which assures high sensi-
tivity.

To create the additional alternating magnetic field varying with a frequency 1-
30 kHz and with an amplitude up to 0.2 Oe, additional coils aligned along the
direction of the constant magnetic field were placed in the sensor of the multipulse
NMR spectrometer.” The sequence 90, — (7 — ¢ 2 — 7)* (multipulse spin-locking),
where ¢ 9 indicates the rf pulse, which rotates the spin by an angle ¢ © around the x
axis of the rotating coordinate system, and 27 is the interval between pulses, was
selected as the multipulse sequence; the carrying frequency of the pulses can differ
from the resonant frequency by an amount equal to the detuning A.

The behavior of the magnetization under the action of this sequence was studied
in Refs. 8 and 9. The equation for the density matrix can be put into the following
form with the help of a canonical transformation,’

dp A A A

—aT——t[—we(n-S)‘*Hg,+R’t},PA],P{O)=1‘“Sx-" (1)
where w, is the magnitude of the effective field

c0s (2w, 1) = cos ¢ cos? (A7) — sin® (Ar); 2)

n is a unit vector oriented along the effective field with components

sin ¢ cos(AT) sin (2A7) cos? (¢ / 2) :
nx £ s n = 0; n_= " N (3)
sin (2,7) Y sin (2w,7)

2 1s an operator which commutes with (n- S), whose leading term is

A

H —;—(3713 —1)H§+... . (4)

In this expression the small terms of higher order in the parameter € = ]]Hd ||~ are
dropped. (Here H ~ is the secular, with respect to the n axis, part of the dipole-dipole
interaction Hamlltoman) R (t) contains the small nonsecular terms which describe
the multispin resonance processes. Analysis of Eq. (1) shows that the evolution of the
spin system passes through two stages. First, over a time 7~ H§ || =", a quasiequili-
brium withp, =1+ a, o, (n-S) — ,BstH o and a corresponding value of the magneti-
zation M, are established. Then, the magnetization slowly decays under the action
of the nonsecular term R (¢) over a time T,, . If we are interested in times <7, , then
R (t) in Eq. (1) can be dropped.

Thus, when modulation is activated at times t<7%,, the evolution of the magne-
tization will proceed just as when an effective field with the same magnitude and
orientation is created with the help of continuous irradiation!® and will be deter-
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FIG. 1. NMR signals in the multipulse spin-locking regime with ¢ 3, 7= 8.86 us; a) water, o, /27 = 9.4
kHz, £2,/y =0.125 Oe, 4 = 0; b} adamant, 4 =0, w, /27 = 8.0 kHz, £2,/y = 0.05 Oe; c) adamant, 4 /
27 = 10.0 kHz, w,/27 = 14.0 kHz, £2,/y = 0.05 Oe.

mined in the DRCS by the Hamiltonian*

A A A A o
H o =4S, +Q S +H;. ()
Here the z axis is oriented along the direction of n, 4 ' =0, —w, = — yh’, w, is the

modulation frequency, and £2,, is the modulation amplitude in DRCS which differs
by a factor n, from the modulation amplitude in the laboratory coordinate system.

For £2,>||H || the magnetization in DRCS, according to (5), precesses around
the new effective field £2, with components 4 ' and (2, . Figure la shows the signal
from protons at 4 ' = 0. The oscillation frequency here is {2, . This spectrum can be
used to make a more accurate determination of the modulation amplitude. The
damping of the oscillations is due primarily to the inhomogeneity of the modulation
field.

For 12, <||H Y| over a time £~ ||H || ~! a quasiequilibrium and a corresponding
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FIG. 2. Dependence of M */M,, on », in adamant with 7 =886 us, 22,/y=0.050e; 1 —4=0,n, =0;
2—A/27=6.5kHz, n, =0.52.

magnetization M,, will be established in the system. Under the action of the modula-
tion, as follows from (4) and (5), the magnetization will then decay exponentially (the
short component in Fig. 1b) to the value*
A?
M*=M ’ 6
A+ @ +GER, 1P W4 (6)

(o]}

where w2, = Sp(H 2%)%/SpS2, followed by a slow decay of the magnetization to zero
due to multispin resonances of the processes R (¢) (the long component in Fig. 1b).
Figure 2 shows the dependence of M * on the modulation frequency @, . The arrows
mark the corresponding values of the effective field. In accordance with (6}, the
depression in this dependence narrows as the angle between the effective and the
constant fields approaches a critical value (n> = 1/3). With the help of this method it
is possible to pass “continuously” through the NMR line formed by the multipulse
sequence.

For 2, 2 ||HS|| the magnetization is “locked” by the field—spin-locking in
DRCS (“second spin-locking”), and oscillations with frequency equal to the modula-
tion frequency appear in the signal. Figure 1c shows the “second spin-locking” sig-
nal. The frequency of the oscillations observed here is equal to the difference between
the magnetization sampling frequency for {14.1 kHz) and the modulation frequency
(14.0 kHz). It was found that the decay time of the magnetization in the “second
spin-locking” can greatly exceed T7.. This opens up new possibilities for studying
slow molecular motions by multipulse NMR methods.
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