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POSSIBILITIES OF ACTIVE NONLINEAR
SPECTROSCOPY OF INHOMOGENEOQOUS
CONDENSED MEDIAY)

O. Ya. BUTKOVSKY?), E. A, ZABOLOTSKAYA?), Yu. A, KRAVTSOV?)
V.G.PETNIKOV?), V. V. RYABIKIN?), Moscow

. _So.:-oam of the nonlinear acoustical spectroscopy of gaseous bubbles in liquids are
_:<om=.mu~nn_. At first there are studied the experimental possibilities of acoustical
w:m_wm_nm of the nonlinear optical phenomena: the enforced sound scattering and the
nonlinear active spectroscopy of bubbles. In addition the method for the observation of
the enforced scattering on the individual bubble is proposed and the acousto-electrical
and »8=M~o-ou_m8_ methods of the bubbles spectroscopy are described. The possibilit
of the using the searched methods for the Spectroscopy of other inhomogeneities mw
a condensed matter is mentioned in conclusion.

BO3MOXHOCTH HEIMHENHON AKTUBHOM CHEKTPOCKOITHH
HEOJHOPOIHLIX KOHIEHCHPOBAHHBIX CPEQ

wOwZOv-n:OO.MF HCIOJIb30OBaHUA OQOED!V—N METOROB ans CHEKTPOCKONHUH JAPYTHX Heon-
HOpOfHOCTEH B KOHJICHCHPOBaHHBIX cpenax.

L INTRODUCTION

irw: speaking about nonlinear acoustic Spectroscopy of air bubbles and some
other inhomogeneities in condensed media we imply methods used to measure the
parameters of air bubbles in the observation of nonlinear effects induced by
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a high-power ultrasonic field. Only two methods of nonlinear bubble spectroscopy
have been virtually studied up to now, namely those involving generation of the
second harmonic and the Raman frequencies [ 1—3]. Then, first observation of an
echo-type phenomenon in bubbles have been reported [4, 5]. However, potentials
afforded by nonlinear spectroscopy have been hardly revealed conclusively. Below
we will consider some variants of nonlinear bubble spectroscopy using analogies to
the phenomena of nonlinear optics.

We bear in mind primarily the optical phenomenon of stimulated Raman
scattering [6], which arises in the interaction of the pump wave (of frequency w)
with the Stokes component of the field (of frequency w,) through low-frequency
molecular vibrations (of frequency Q =w — w, <®). An acoustic analog to this
phenomenon is the stimulated Raman-type scattering of sound, in which the pump
and the Stokes component interact through bubble vibrations.

Another optical phenomenon having an acoustic analog is active spectroscopy of
the Raman scattering. In this case, bubble vibrations are preexcited at its
eigenfrequency by two pumps, which facilitates the display of these vibrations due
to the irradiation by a third frequency.

In acoustics, however, some kinds of stimulated scattering have no optical
analogs. One of them, stimulated scattering by individual bubbles, will be discussed
below.

And finally, mention will be made of some possibilities of spectroscopy related to
the use of combined a acousto-electrical and acousto-optical methods.

1. STIMULATED RAMAN-TYPE SCATTERING OF SOUND
BY AIR BUBBLES

The onset of stimulated Raman-type scattering of sound can be represented as
follows. Let an intense pump wave of a frequency w, propagate in a medium
containing gas bubbles. Being scattered by the thermal fluctuations of bubbles
which are close to the resonant frequency €, the pump wave gives rise to the
Stokes (w, = w, — ) and anti-Stokes (w. = w, + Q) components of the field. The
Stokes component, which predominates over the anti-Stokes component, interacts
with the pump wave and contributes to the rise of bubble vibrations. Enhanced
bubble vibrations, in turn, foster pump scattering and increase the Stokes wave
amplitude. The result is generation of the Stokes component. It is this generation
that is called stimulated scattering.
Stimulated Raman-type scattering of sound by bubbles is analysed in study [8]
using a linear wave equation
p 1 3°P PV
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and the equation for the gas bubble motion
U+ Q2 +\®ch~luAm@.c+m&Hlm~u. (2)

Here P is the acoustical pressure, y js the variable portion of the bubble volume
2, m:aA f are the Qmo:@aacnuow and the damping coefficient of bubble sgmmosm,
respectively, n is the bubble content, a, B, and ¢ are the coefficients whose <m_=om
are oa_w& 0 a=0Q%y+ 1)/2v,, = 1/6v,, €=4aRo/0, and listed in [7].
Seeking solutions in the form of running waves with frequencies «,, o and
Q=0 we can show that the amplitude of the cmow-mnmzoasm wave, m, mm.

P, =Py exp (ux) (3)
where = Qonw [a — B(wi+ @2 —g w,)]*e*| P, |2
22— ) (L= wQK, Mo
_ 07 onwle
b=Gtos )

.mv is the pump wave amplitude, y, is the absorption coefficient of the Stokes wave
in H:o.wcmmc:no of pumping, R, is the equilibrium bubble Radius, g, is the densit
of a liquid, ¢, is the speed of sound in the liquid. , ’
Let us mm.:EmS the value of t for a volume content of bubbles nV,=1¢-s in
water (V, is the bubble volume) at an oﬁn:?oa:a:@ of the bubble Q/27 -

20 kHz. We set also that ¢ =15Qand w, =05 O ifi
. . =0. . For th
the parameters we obtain ’ ’ ' ¢ spectied values of

#=(0.31,-1.5x10"% - (5)

where I, is the pumping intensity (W/cm?).

. >on.o~&:m to (5), the Stokes component is amplified when the pump wave
_.m.«o:m._c\ exceeds its thershold value I, >52x 10-3 W/em? To observe this amp-
lification, a pump wave should be coupled to the cell with 3 liquid and gas bubbles
m.:a a weak wave of the Stokes frequency should be coupled in the counter
Q._:wncon. To observe 3 fairly stable effect, the bubbles must be of about the same
size.

To o.cmoda the Stokes component generation from the spontaneous noise level
the gain of ul should Tun to 25—30. It is possible with a pumping _.sﬂo:m:vw
L, =1W/em? and a ce]] length L~1m.In that case, the amplification will occur at
an acute angle to the direction of the pump wave,

IIL ACTIVE SPECTROSCOPY OF BUBBLES

Let E.n::om: bubbles placed in a liquid be irradiated by two pump waves of
frequencies w, and W3, SO that the frequency difference coincides with the bubble
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eigenfrequency Q,:w, — w,==£,. The stimulated bubble vibrations can be regis-
tered with a sounding signal of a frequency w;. The sounding signal scattered by
vibrating'bubbles wil] generate waves of frequencies w, = w,+ Q,. By varying one
of the pump frequencies and measuring the amplitude of the scattered wave having
the frequency w., we can determine the size distribution of bubbles.

Assume that dn = N(£,) d€Q, is the number of bubbles per unit volume, whose
sigenfrequencies are within the interval Q,<Q<Q,+dQ,. The analysis carried
out in study [8] has revealed that in the collinear propagation of all the four waves
the amplitude of the scattering wave p, of the frequency w, is proportional to the
bubble content, N (£20), to the product of the pump amplitudes, P,P*P;, and to the
interaction region length, L :

— _ 00CowsLN (Q0)7ex,x,P, PP,
NUA - - 4 A@v
4T (w?~-Q3Q,

i=1

Hn=a-poi+wi-ww,), n=a = B(L2%+ w3+ Qu). It is assumed that neither
of the frequencies @1.23.4 is in the resonant band of the bubbles.

Estimates made using formula (6) for bubbles in water show that if the
frequencies w, , ; , exceed the eigenfrequency Q, by a factor not more than 5, we
can expect a detectable scattered signal P,=10Pa even at rather moderate
pumping intensities I, ~I,~0.01 W/cm? and a weak sounding signal P, =20 Pa,

3=107" W/em?® (the volume content is taken to be nV,=10"%). The above
relationship of the intensities I,55 can be achieved, say, by means of amp-
litude-modulated pumping with a modulation frequency Q,/2 at the frequency w,
which is attenuated at 50—60 db. The lateral components w,=w;+ ,/2 and
W2 = w;— £24/2 will function as pump waves while the attenuation carrier — as
a sounding signal.

The advantage of active bubble spectroscopy is the involvement of solely high
frequencies, compared to Q,. This makes it possible to eliminate the increased
background interference and reverberations typical of low frequencies.

Another advantage is related to the fact that the interaction of waves Is
determined only by the nonlinear properties of bubbles and it occurs without
requiring the satisfaction of the spatial synchronism condition. An extra gain in the
signal-to-noise ratio can be insured by synchronous detection. To this end, the
frequency differences @~ w;=£2 and w,—w;=Q should be provided by the
same generator with a tunable frequency Q. Active spectroscopy is also superior to
stimulated scattering in the lack of the excitation threshold and in the possibility of
studying the size distribution of all the bubbles.
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IV. STIMULATED SCATTERING BY INDIVIDUAL BUBBLES

In acoustics, stimulated scattering arises not only from bubble nonlinearity but
also from the nonlinear properties of the signal shaping unit. Let a bubble undergo
spontaneous vibrations of frequency Q,. The incident ultrasonic wave of frequency
w3, On scattering, is modulated to a frequency Q = Q,. If the modulated scattered
signal is detected and the envelope is subsequently used to modulate the radiated
field of the frequency w,, the system :B&ﬁo?c:g_o-anaﬁoﬂ-an:_mﬂoném&m-
tor” will operate under pulse conditions with a repetition period T=27x/Q
coincident with the period of bubble eigenvibrations.

The above spectroscopic method has no nonlinear optical analogs.

V. COMBINED ACOUSTO-ELECTRICAL AND ACOUSTO-OPTICAL
SPECTROSCOPIS METHODS

An important feature of many nonlinear acoustical phenomena is that they do
not permit replacement of an acoustic field by an ac electric field of the same
frequency. The electric field ensures a pondermotive force on bubbles and it can
interact with the acoustic field through bubble vibrations.

Taking this fact into account, we can replace one-two acoustic vibrations
involved in nonlinear Spectroscopy by electric vibrations if we put the studied liquid
under an electric field of a suitable frequency. For a magnetic liquid we can use,
similarly, a variable magnetic field.

To display the resonant vibrations of bubbles in active Spectroscopy, use can be

also made of an optical method of registration. The main advantage of laser

V1. CONCLUSIONS

It seems to the authors that the above methods suggest new opportunities of
nonlinear acoustic spectroscopy of air bubbles in a liquid. Evidently, these methods
can be extended to other inhomogeneities in condensed media either, say, to air
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