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Hole burning in well-defined noise fields: Motional narrowing
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Hole burning in the proton NMR line in water was observed in well-defined noise fields. The hole
shape was measured in two-state and Gaussian noise fields. The jumping-time dependences of the hole
shape were well explained by the theory of motional narrowing and the conventional stochastic theory of
relaxation. This approach is very useful for the experimental test of relaxation theories.

Relaxation phenomena in spectroscopy give much use-
ful information on various physical systems, which in-
clude atoms, molecules, and condensed matter, through
the interaction between the two-level system and the elec-
tromagnetic field. The relaxation phenomena commonly
appear in experiments such as nuclear magnetic reso-
nance (NMR), electron spin resonance (ESR), and optical
or laser spectroscopy. Statistical and dynamical proper-
ties of the system can be derived from the analysis of the
local field fluctuations. Many theories! ~° of relaxation in
the fluctuating local field have been considered for the in-
vestigation of various type of relaxation and used for the
explanation of experimental results.

For the experimental test of relaxation theories and for
the interpretation of experimental results which have no
conventional theory to apply, an experimental study of
relaxation phenomena in artificially generated noise
fields, whose statistical properties are well known and can
be controlled, is very useful. To carry out this experi-
mental approach, the study of NMR relaxation phenome-
na in a two-level (spin-]) system interacting with a
coherent rf field is suitable since the time evolution of the
system can be fully monitored. This type of study has not
been carried out so far. Recently, we studied phase relax-
ation both experimentally and theoretically in a two-state
pulsed noise field.® The applicable condition of the con-
ventional stochastic theory was made clear, and the im-
portance of the statistics of fluctuation in the problem of
relaxation was visualized. Noise field has been used, in a
way different from our case, as an excitation field itself
both in magnetic-resonance’° and optical'®~!? experi-
ments.

In the present paper, we observed hole burning in the

0163-1829/94/49(21)/15352(4)/$06.00 49

proton NMR line in water. The hole shape was measured
in well-defined fluctuating fields. The characteristic time
of the fluctuation was changed, and motional narrowing
of the hole shape was demonstrated clearly both in a two-
state noise field and a Gaussian noise field. The experi-
mental results were in good agreement with the theory of
motional narrowing and the conventional stochastic
theory. We show that the hole burning in well-defined
noise fields is a powerful method for the experimental test
of relaxation theories.

The hole-burning experiment is done by using a pulsed
NMR spectrometer operating at 11 MHz. The longitudi-
nal relaxation time of proton in water is 25 msec in our
sample as determined by the concentration of copper-
sulfate impurity. The width of resonance line is increased
by an external inhomogeneous magnetic field. The hole is
burned by a long-and-weak “write” pulse and is read out
by a short-and-strong ‘“‘read” pulse as a free-induction-
decay (FID) signal. The pulse widths of the write and
read pulses are 50 msec and 10 usec, respectively, and the
time separation between the end of the write pulse and
the read pulse is 5 msec. The FID signals are phase-
sensitively detected (PSD) and averaged by a signal
averager. The hole spectrum is obtained from the
Fourier transform of the FID signal.

The wave form of the noise field is synthesized by a
personal computer using random numbers and fed into a
digital-to-analog converter (20 MHz). A current propor-
tional to the amplitude of the wave form is supplied to a
coil which generates the controllable fluctuation of the
magnetic field (noise field). The noise field is parallel to
the static field (2.6 kOe) and gives a fluctuation in the
Larmor frequency of the proton spins. The noise field is
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supplied for the time interval from the start of the write
pulse to the start of the read pulse.

The hole spectra obtained in a two-state noise field are
shown in Fig. 1. The two-state noise here is a pulsed lon-
gitudinal fluctuation. The fluctuating field 8H,(¢) is de-
scribed by random sudden jumps between two field values
of magnitude A, and time duration characterized by a
lifetime 7. Then the frequency fluctuation Sw(t) is
vOH,(t), where v is the gyromagnetic ratio. In Fig. 1 the
frequency difference between the two states is fixed at
A/2r=yh,/2m=3.0 kHz, and the jumping rate
W=1/r is changed from W=5X10*> sec”! to
W=5X10* sec”!. The center frequency is shifted by 20
kHz because the frequency of the read pulse and PSD is
shifted by 20 kHz from that of the write pulse at the
center of the resonance line. The FID signal is obtained
by off-resonance excitation and detection. As is seen, the
development of the line shape clearly shows the nature of
motional narrowing; as the value of W is increased, the
two holes are reformed to a single hole at the middle
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FIG. 1. Hole spectra obtained in a two-state noise field. The
frequency difference between the two states is fixed at
A/27=3.0 kHz. The jumping rate W is changed from (a)
W=5X10? sec™! to (j) W=5X10* sec™!. The solid lines are
theoretical line shapes calculated from Eq. (2).
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point of the two holes observed at small values of W, and
then the width of the single hole becomes narrower.

The hole spectra obtained in @ Gaussian noise field are
shown in Fig. 2. Now the Larmor frequency value fluctu-
ates over continuously distributed values instead of just
two values. The distribution function of the frequency is
a Gaussian with frequency width A (A2=(8w?)). In Fig.
2 the frequency width is fixed at A/27=2.0 kHz, and the
jumping rate W=1/7 is changed from W=5X10% sec ™!
to W=1X10° sec”!. When the value of W is small, the
hole width coincides with the frequency width A of the
Gaussian fluctuation. As the value of W becomes larger
than that of A, however, the hole width becomes nar-
rower than A.

Next we consider theories for the explanation of the
experimental results. The theory of motional narrowing
in the two-state noise field was given by Anderson.!*!*
The relaxation function is calculated as
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FIG. 2. Hole spectra obtained in a Gaussian noise field. The
frequency width of the Gaussian fluctuation is fixed at
A/27=2.0 kHz. The jumping rate W is changed from (a)
W=5X%10? sec”! to (j) W=1X10° sec”!. The solid lines are
theoretical line shapes obtained from the Fourier transform of

Eq. (5).
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The line shape I(w) is obtained from the Fourier trans-
form of the relaxation function and given by
2WA?

N = N e rawat - @
The same result can be derived from the approach using
the Bloch equations in the limit of long intrinsic trans-
verse relaxation time T,.">"!7 In the case of W/A<<1
two peaks at o =1A/2 are expected from Eq. (2), while
in the case of W/A>>1 one peak at =0 is expected.
The solid lines in Fig. 1 are theoretical line shapes calcu-
lated from Eq. (2). The behavior of the motional narrow-
ing in the two-state noise field is well explained by the
above theory. The linewidth of the experimental results
is larger than that of the theoretical curve. This is be-
cause of the inhomogeneity of the noise field in the sam-
ple and of power broadening.

The theoretical line shape in the Gaussian noise field
can be obtained from the conventional stochastic theory
of relaxation.!®!® The relaxation function in the Gauss-
ian noise field is given by

o(2)= <exp |i fol&a(s)ds ]>

=exp [—fo’(t—uxaa)(u)aw(m)du . (3)

In our case the correlation function is written as
(8w (1)8w(0)) = A%exp(— Wt) , 4)

where A2=(8w?) and W=1/7. The relaxation function
can be calculated easily from Egs. (3) and (4):

#(t)=exp[ —(A/W ) {Wt—1+exp(—Wt)}] . (5)

The line shape I(w) is obtained from the Fourier trans-

exp[ —(W—1VaW?— A%t ]+ —
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form of the relaxation function. In the case of W /A << 1
the line shape is expected as a Gaussian with the width of
A from Eq. (5), while in the case W /A >>1 the line shape
is expected as a Lorentzian with the width of A*/W
which is smaller than A by the factor of A/W. The solid
lines in Fig. 2 are theoretical line shapes obtained from
the Fourier transform of Eq. (5). As is seen, the motional
narrowing of the resonance line in the Gaussian noise
field is well explained by the conventional stochastic
theory.

In conclusion we presented an experimental approach
for the verification of the theory of relaxation. Hole
burning in a proton NMR line was observed, and the hole
shape was studied in the well-defined noise fields. We
took up the phenomenon of motional narrowing to
demonstrate the significance of our method. The charac-
teristic time of the noise was changed, and the mecha-
nism of the motional narrowing was clarified experimen-
tally and theoretically.

It may be very interesting to study the power broaden-
ing of line shapes by using our experimental approach.
Various theories have been proposed to explain the ex-
perimental results on optical free-induction decay ob-
served by DeVoe and Brewer?® in 1983 which violate the
conventional optical Bloch equations in the saturation re-
gime. However, those theories have not been verified
sufficiently. We are planning to observe power broaden-
ing of the hole shape in the proton NMR line in well-
defined noise fields and to study the problem of the viola-
tion of the Bloch equations experimentally and theoreti-
cally.
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