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Experimental Study on Phase Velocity of Ultrasonic Waves Decaying in Space and in Time

K. Takagi and K. Negishi
Institute of Industrial &cience, University of Tokyo, Minato-ku, Tokyo 106, Japan

(Received 19 May 1980)

Modified system of high-resolution Bragg reflection was used to observe both the spa-
tial and temporal sound waves simultaneously in the relaxation region of liquid furan
{C4H40). The spatial phase velocity at 100 MHz was shown to be higher than the tempor-
al velocity by 7 m/s at 20 'C. The result is in good agreement with the theoretical pre-
diction, providing an experimental evidence of the difference between them.

PACS numbers: 43.20.+g, 43.35.+d, 03.40.Kf, 62.80.+f

The phase velocity of sound in a medium with
some absorption mechanism is somewhat ill de-
fined since it is impossible to determine both the
angular frequency and the wave number simul-
taneously. A sound wave generated by a constant
source propagates and decays in sPace, and
therefore the wave number loses its strict mean-
ing, having a distribution with a width proportion-
al to the absorption. On the other hand, rever-
beration of sound in an acoustic resonator would
decay in time while staying at the same wave num-
ber, but with its frequency being distributed. In
this regard, two different definitions of phase
velocity are given: one relevant to spatial decay
and another to temporal decay. Among the ultra-
sonic techniques currently used, pulse method
or interferometer observes the former; Brillouin
scattering, the latter. Theoretical analysis of the
complex equation of dispersion has predicted that
the vet. ocity of spatial wave should have a value
higher than that of temporal wave. " No experi-
ment has been made, however, to provide clear
evidence of the difference between them, although
some workers have emphasized the importance
of this problem' and suggested the possibility of
its detection. 4

A few years ago, we established a high-resolu-
tion Bragg-reflection technique" useful for the
measurement of spatial sound in a frequency
range up to 1.5 GHz. After a recent modification
of the electronic system, this technique is capa-
ble of yielding either of the two phase velocities.
In this work, we made an experiment in the re-
laxation region of liquid furan (C,H, O) and suc-
ceeded in observing the difference between them.

The underlying principle and theoretical basis
of this technique have been given previously. "
The modified experimental system used in this
work is schematically shown in Fig. 1. An ultra-
sonic wave is excited by a ZnO-film transducer
evaporated on the surface of a quartz rod, and a
laser beam is introduced into the test liquid. If
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FIG. 1. Modified system of high-resolution Bragg
reflection.

the angle of incidence with respect to the sound
wave front is close to the Bragg angle appropri-
ate to the sound frequency, a portion of the inci-
dent light is scattered and detected in an optical
heterodyne system. The wave number of the
sound causing the scattering should be related
with the angle of incidence through the following
equation of momentum conservation

2Q' sino =k

where q and k are wave numbers of the light and
sound, respectively. A combination of tracking
generator (TG) and spectrum analyzer (SA) is
used for excitation of the sound and reception of
the photobeat current. To observe the spatial
wave, frequency of SA/TG is fixed at ~ and the
angle of incidence is swept around the Bragg an-
gle by rotating the table on which the scattering
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cell is mounted. The beat signal recorded as a
function of the angular sweep is associated with
the k spectrum of the spatial sound. The peak of
the curve gives k', center of the k spectrum,
from which the spatial phase velocity is obtained:

v, =u)/0' =(u/(2q sin8'), (2)

where 0' is the peak angle. To observe the tem-
poral wave, the rotating table is locked at 8 and,
instead, SA/TG is swept. The recorded curve
gives the spectrum of sound at fixed value of k.
The temporal phase velocity is obtained by

v, =&a'/k =(u'/(2q sin8), (3)
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FIG. 2. Recorded curves of k spectrum (upper) and
spectrum (lower).

where ~' is the center of the co spectrum.
An experiment was made in furan at 20'C near

100 MHz. This liquid is a suitable medium for
the present purposes since it has strong disper-
sion originating from vibrational relaxation, ' and
hence a nonnegligible difference between v, and

v, is expected to be observed in the relaxing re-
gion. The obtained spectra are shown in Fig. 2.
The upper curve is appropriate to the k spectrum
at v/2w =100.926 MHz. The peak angle, given to
be 8' =1 31'10", yields v, =1205 m/s. Then, the
table is fixed at the above angle, 8 =8', and SA/
TG is swept around 100 MHz. The lower curve
of Fig. 2 shows the ~ spectrum thus obtained. If

v, were equal to v„ the spectrum should have
taken maximum at 100.926 MHz. Because of the
difference, however, the peak is shifted down to
(u'/2m =100.354 MHz, giving v, =1198 m/s.

One of the problems to be kept in mind through-
out the experiment is the frequency characteris-
tics of the electronic and/or ultrasonic system.
The most remarkable one is that of the ultrasonic
transducer. The resonance of ZnO film itself is
heavily damped by mechanical load of quartz rod
and perfectly flat within the range of sweep. The
rod works as an acoustic resonator, however,
and sharp peaks occur at every frequency of half
wavelength as shown in the lower curve of Fig. 2.
The interval is 150 kHz, in agreement with the
value estimated from longitudinal velocity and
length of the rod, 6000 m/s and 2 cm, respective-
ly. These resonances would not have harmful ef-
fects on the experiment except that the spectrum
obtained is sampled discretely. Nevertheless,
the most troublesome one is the frequency depen-
dence in insertion loss of the transducer viewed
from the generator, which may shift the apparent
peak of the spectrum. We accomplished almost
ideal flatness by carefully adjusting a three-stub
tuner placed between the generator and the trans-
ducer. From a technical point of view, this requi-
sition is surely the most difficult and limits the
frequency range of this experiment.

Markham, Beyer, and Lindsay' discussed the
problem of spatial decay and temporal decay theo-
retically and derived dispersion equations for both

types of waves. When a single relaxation process
is the only mechanism of absorption in a medium,
the secular equation characterizing the propaga-
tion of sound is given by

(d + ((d +/v —Ao „/v o ) =k +
((a&

+ —LR„)~'
where stars indicate a complex number, v, and
v are the limiting velocities at lower and higher
frequencies, respectively, and ~„ is the relaxa-
tion frequency of adiabatic compressibility, cor-
responding to the inflection point of the curve of
(a/e')(v, /v) vs in&a. This equation gives a proper
description of dispersion in furan because more
than 98%%uo of total absorption at 100 MHz is due to
the relaxation. For the spatial wave with absorp-
tion coefficient n, one sets ~*=(d and k* =k' —in.
Then, v, is derived as a function of by

2- 2 2V~ —Vo

1 + ((d/(d )

where u, =(v /v, )&u„. For the temporal wave, k*
=k and ~*=(d'+iI, I" being the decay rate.

549



VOLUME 45, NUMBER 7 PHYSICAL REVIEW LETTERS 18 AUGUST 1980

0.45

0.55

0.50

90

I I

100 110 120

FREQUENCY (MHz)

FIG. 3. Values of v~ and v& observed in the relaxa-
tion region of liquid furan. The solid lines represent
the theoretical curves of Eqs. (4) and (5).

ly set equal to a/k'. Figure 3 shows the curves
of Eqs. (4) and (5) normalized with respect to
v '-v, '. They are in good agreement with the
experimental values of v, and v, indicated by
open and closed circles, respectively. Although
the accuracy in v, is better than 0.1/o, v, may in-
clude error somewhat larger than 0.2/o because
of the discrete character of the recorded spec-
trum. The overall accuracy of this experiment
is, however, sufficient to detect the difference
between v, and v, .

We emphasize here that v, in this work should
not be confused with the phase velocity obtained
by spontaneous Brillouin scattering. The Bril-
louin shift is not identical with &' because of the
antisymmetric term of Brillouin component. This
problem is inherent in the difference between
thermally driven temporal wave and freely oscil
lting temporal wave, as has been discussed by
Montrose, Solovyer, and Litovitz, ' and by Nich-
ols and Carome. ' The Brillouin phase velocity
may even be smaller than v, .

Hence, v, is given as a function of ~' by

(5)

where &, = (v /v, )'&„. Note that v, and v, are
close to the same value, v, or v, outside the re-
laxation region.

Ultrasonic relaxation of furan has been investi-
gated in the previous work' and all the values re-
quired for numerical computation of these equa-
tions are available. The characteristic values at
20'C are &u„/2~ =109 MHz, v, =1154 m/s, v

=1272 m/s. The quantity n/k' has been meas-
ured at each frequency and &/~' is approximate-
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