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Abstract. A review is given of theoret ical and exper imental 
invest igations of the p ropaga t i on of powerful u l t rasonic 
b e a m s in high-viscosity l iquids. Calcula t ions are repor ted 
of the condi t ions for the observat ion of spatial and 
t empora l self-compression of a wave packet as a result 
of sound- induced heat ing of a liquid. A n account is given 
of theoret ical predic t ions and of quant i ta t ive agreement of 
these predic t ions with exper imental results on the effects of 
self-focusing of u l t rasonic b e a m s and of sound- induced 
t ransparency of viscous liquids. M o r e t han tenfold increase 
in the peak intensity of an u l t rasonic pulse in the focal 
region, of d imensions of the order of three or four 
wavelengths , has been achieved under op t imal condi 
t ions. Physical and biological appl icat ions of the observed 
effects of control led self-action of u l t rasonic waves in the 
bulk of a viscous liquid are discussed. 

1. Introduction 
A wave of finite ampl i tude A p ropaga t i ng th rough a 
med ium changes var ious pa rame te r s of this med ium and in 
par t icular its refractive index n (and, consequent ly, the 
intrinsic phase velocity v) in the region of its p ropaga t ion . 
If dn/dA < 0, the rays forming a wave packet become 
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defocused and the dimensions of the packet increase. The 
action of nonl inear defocusing supplements the diffraction 
and dispersion spreading typical of wave packets (and 
independent of the ampl i tude) . However , if dn/dA > 0, the 
per iphera l rays overcome diffraction and contrac t t owards 
the centre of a packet , so tha t self-focusing takes place. 
This is an effect c o m m o n to waves of any na tu re [1] and it 
has been investigated in detail very successfully in the 
optical range [ 2 - 5 ] . 

Obvious at t ract ive appl icat ions can be based on the 
concent ra t ion , associated with such self-focusing, of the 
energy of a wave packet (natural ly, it is unde r s tood tha t the 
to ta l energy is conserved) in a n a r r o w s p a c e - t i m e region. 
N o t only an increase in the effectiveness of m a n y physical 
processes, due to an increase in the wave intensity in a small 
region, bu t also quali tat ively new effects above a certain 
intensity threshold may, in principle, be observed in a self-
focusing region. However , in the optical range, investigated 
in much greater detail t han other ranges , these oppor tuni t ies 
are limited. Firs t , a s t rong increase in the intensity activates 
also effects tha t compete with self-focusing, for example, an 
electron avalanche and the resul tant mechanica l damage to a 
med ium [6]. Second, it is difficult to cont ro l self-focusing 
because of the fairly stringent condi t ions for achieving it. 
The requi rement for exceeding a certain threshold value of 
the laser beam power together with the short t imes needed 
for the establ ishment of a nonl inear susceptibility (which is 
t rue , for example, of the Ker r mechanism) m a k e it necessary 
to use sources generat ing nanosecond and subpicosecond 
pulses. In the case of these pulses it is ra ther difficult to 
ensure a smooth intensity dis t r ibut ion in a t ransverse section 
of a beam, bu t such a dis t r ibut ion is essential to avoid 
accidental beam fi lamentat ion, observed in the very first 
experiment on self-focusing of light [7]. Third , appl icat ions 
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are greatly hindered by the independent p rob lem of 
recording the effects, which requires development of 
special high-resolut ion high-speed p h o t o g r a p h i c me thods . 

The first observat ion of self-focusing of acoustic waves [8] 
has been delayed by other factors [9]. 

Non l inea r acoustics has a much longer his tory t han 
nonl inear optics. At the beginning of this century impor t an t 
physical and applied results were obta ined by nonl inear 
acoust ic m e t h o d s [10]. It was established immediate ly tha t 
the dominan t nonl inear mechanism in the acoustics of 
longi tudinal waves is elastic and tha t the effects can be 
b o t h odd and even in respect of the ampl i tude . In the case 
of liquid media , this gives rise to the first difference from 
transverse opt ical waves, because the isotropic symmetry 
forbids the quadra t i c and all even (in respect of the field) 
effects, so tha t self-focusing of light is observed, for 
example, because of the cubic nonl inear i ty . The second 
impor t an t dist inction between nonl inear acoustics and 
nonl inear optics is the usually weak acoustic dispersion: 
the velocity of sound in c o m m o n liquids is practically 
independent of its frequency in the ki lohertz and megaher tz 
ranges . A consequence of this is a high efficiency of 
nonl inear frequency conversion in acoustics: in view of 
the equali ty of the phase velocities, the incident wave 
transfers, over the whole p ropaga t ion pa th , energy effi
ciently to the waves generated because of the nonl inear i ty . 
This process, universal in acoustics, of d ispers ion-unhin
dered enr ichment with the ha rmonics leads to the format ion 
of a shock wave at a finite distance L d t raversed by a wave 
in a liquid med ium (in nonl inear acoustics this is k n o w n as 
the discont inui ty-format ion length) [10]. Moreover , a 
redis t r ibut ion of the intensity from the per iphery to the 
centre is also possible [11], bu t fast dissipation of the 
acoust ic energy which accompanies the format ion of a 
shock wave excludes poten t ia l appl icat ions requir ing a 
regular increase in the intensity. 

The format ion of a shock wave is the result of a 
quadra t i c nonl inear i ty with a short format ion t ime. There 
fore, the quant i ty L d is inversely p ropo r t i ona l to the input 
ampl i tude and pract ical ly independent of the dura t ion of 
the acoust ic interact ion with a liquid med ium. This provides 
the first suggestions as to h o w to achieve self-focusing of 
sound, which can be described comprehensively by the 
spatial scale L f of its growth, k n o w n as the self-focusing 
length. In view of the universal na tu re of the process of 
format ion of a shock wave, there is an obvious condi t ion 
tha t L d > L f . The only hope is in the inelastic mechanisms 
of nonl inear i ty . A close ana logy with nonl inear optics [12] 
shows tha t self-focusing is due to a cubic nonl inear i ty , bu t it 
is also obvious tha t , within the f ramework of one mech
anism, this nonl inear i ty is much weaker t han the quadra t i c 
one and this is t rue up to the sound intensities causing 
damage to a med ium. However , if a nonl inear i ty is of other 
( than inelastic) physical origin, it is possible to satisfy the 
inequali ty L d > L f because of, first, a s tronger ( L f o c A - 2 ) 
dependence of the effectiveness of the cubic nonl inear i ty on 
the acoust ic wave ampl i tude . A second reason is the 
possibili ty of cumula t ion of nonl inear changes in the 
velocity with t ime, which is typical of diffusion mecha 
nisms, when L f is inversely p r o p o r t i o n a l to the energy of a 
wave, i.e. L f oc ( A 2 T ) - 2 , where T is the dura t ion of an 
acoust ic pulse. 

Recent theoret ical and exper imental investigations have 
shown above all tha t the sought-after effective nonl inear 

mechanism does exist: it is the change in the velocity of 
sound as a result of hea t ing of the p ropaga t ion med ium by a 
wave. [9, 13] The effect of the concent ra t ion mechanism in 
familiar solut ions is less and the compet i t ion of the 
generat ion of ha rmon ics and other nonl inear mechanisms 
destroying a wave packet cannot be overcome [14]. 
Moreover , it is not clear whether one could use for this 
pu rpose the electroacoustic (in polar isable dielectric liquids) 
[15] and magne toacous t i c (in magnet ic liquids) [16] mech
anisms. 

Practically immediate ly after the experiments repor ted 
in Ref. [13], and as a cont inua t ion of them, a new effect was 
observed. By ana logy with the opt ical t r ansparency it was 
called the acoust ic self-induced t ransparency [17]. This 
effect represents a change, as a result of sound- induced 
heat ing, no t only in the velocity of sound, bu t also in its 
absorp t ion in the insonated liquid. I ts ma in manifes ta t ion is 
an increase, with the increase in the input intensity, of the 
depth of pene t ra t ion of sound into an absorb ing liquid. It 
can be observed also in highly viscous liquids, bu t in a 
limited t empera tu re range where the t empera tu re derivative 
of the absorp t ion coefficient is negative: d3/dT < 0. Outs ide 
this range, we have d3/dT > 0 and the depth of pene t ra t ion 
of sound decreases with the increase in its input intensity; 
one could na tura l ly speak here of the self-induced d a r k e n 
ing [18]. The self-induced t ransparency has two effects: first, 
it increases the efficiency of self-focusing; second, its act ion 
has a significant influence also on the t ime envelope of a 
packet and under certain condi t ions it gives rise to a smooth 
short high-intensi ty pulse [18]. I ts act ion thus facilitates 
directly the concent ra t ion of acoust ic energy in a com
pressed wave packet . 

Exper iments [13, 17, 18] show tha t the self-focusing of 
sound is, in contras t to its opt ical analogue , a fairly easily 
control led process . This is extremely impor t an t in appl ica
t ions, especially as this h a p p e n s under theoretically 
predicted condi t ions . The cont ro l and moni to r ing can be 
performed (once again, this is different from the ac tual 
s i tuat ion in nonl inear optics) by fully reliable and accura te 
m e t h o d s involving the use of quasipoint- l ike acoust ic 
p robes and also of opt ical techniques [17, 19]. 

This effectiveness and ease of cont ro l of the the rma l self-
action of sound in a liquid makes it possible to suggest a 
whole range of appl icat ions of this effect. Na tura l ly , special 
a t tent ion has been given to biological and medical appl ica
t ions, since the major i ty of biotissues have physical 
proper t ies typical of weakly inhomogeneous highly viscous 
liquids. 

Second 2 deals with the theory of self-focusing and 
self-induced t ransparency of sound in a liquid due to the 
the rmal nonl inear i ty . The pu rpose of the theory is here to 
identify the condi t ions for observing these effects against 
the b a c k g r o u n d of compet ing and suppressing effects, and 
to est imate the effectiveness of these effects in a real range 
of mater ia l pa rame te r s of liquid media for real acoust ic 
sources. Section 3 describes pract ical ly all the experiments 
on the the rmal self-action of sound carried out in well-
k n o w n labora tor ies . Promis ing appl icat ions of the new 
effects, which are current ly under development , are 
discussed in Section 4. 
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2. Theory of the thermal self-action of sound 

M a n y liquids satisfy the condi t ion of a m o n o t o n i c 
reduct ion in the velocity of sound with increase in 
t empera tu re , which is essential for the observat ion of the 
first of the self-action effects, which is the the rmal self-
focusing of sound. The exceptions are water (at t empera 
tures be low 74.5 °C) and a number of liquid mater ia ls : 
b i smuth , an t imony , and tel lurium. However , it is m o r e 
difficult to satisfy the thresholds relat ing to the pa rame te r s 
of a med ium and of an acoust ic beam. Es t imates [20] for 
steady (i.e. for insonat ion t imes longer t han all the t imes 
represent ing the establ ishment of the nonl inear pa rame te r s 
of a med ium) self-focusing show tha t the threshold 
condi t ion can indeed be satisfied. However , the t empera 
ture dis t r ibut ion in typical l iquids is established in not less 
t han 10 2 s under the action of acoust ic b e a m s of cent imetre 
rad ius and this t ime is sufficient for the growth of b e a m -
destroying sound- induced convection [21]. Therefore, in 
es t imat ing the condi t ions sufficient for self-focusing, 
including the condi t ions for separa t ing it from the 
b a c k g r o u n d of the compet ing nonl inear processes, it is 
necessary to tu rn to the theory of t ransient effects. 

2.1 Time-dependent equations for the self-action of sound 
Nonl inea r acoust ic effects in h o m o g e n e o u s absorb ing 
media can be described by a system of t h e r m o h y d r o d y -
namic equat ions , including the equat ion of cont inui ty 

dtp + db(pvb) = 0 . 

the equat ion of the ba lance of forces 

p(dt + vh dh)va + daP = rjd2

bva + + fj 

and the equat ion of en t ropy p roduc t ion 

PT(dt + vbdb)s -xd2

bT 

= C ( 6 , v , ) 2 + n davb (davb + dbva - ^ 8 C 

( i ) 

(2) 

(3) 

H e r e p , p, T, S are, respectively, the mass density of the 
investigated liquid, the pressure, t empera tu re , and the 
en t ropy density; va is a Car tes ian componen t of the 
velocity; rj, £, and x are, respectively, the shear viscosity, 
the bulk viscosity, and the the rmal conductivi ty; 8 ? , 8 a , db9 

dc are the par t ia l derivatives with respect to the variables 
indicated by the subscripts; bab is the Kronecker delta. The 
same letters ( p , p, T, S) will be used later to denote 
deviat ions of these quant i t ies from their equil ibr ium values 
identified by the subscript zero. 

The system of equa t ions ( l ) - ( 3 ) is closed by the 
equat ion of state, i.e. by the dependences p(p, T) and 
S (p, T). As po in ted out in the In t roduc t ion , we shall 
assume tha t all the spatial scales of the growth of the 
investigated effects (in our case this is par t icular ly the self-
focusing length L f ) are shorter t han the distance L d in which 
a discont inui ty forms [10]: 

L < L d = ( p ^ ) 1 / 2 ( 2 / 0 ) - 1 / 2 ( f t ) 8 ) - 1 , (4) 

Here , co is the frequency of the acoust ic beam, 7 0 is its input 
intensity; 8 = 1 + (1/p0)[(dc/dp)T + ocT0(dc/dT)p/p0cp] is 
the elastic nonl inear coefficient; a is the vo lume the rmal 
expansion coefficient; c 0 is the equil ibrium velocity of 

sound; cp is the isobaric specific heat . If inequal i ty (4) is no t 
obeyed, it does no t mean tha t the the rma l self-focusing 
effect cannot occur, bu t the s i tuat ion becomes m o r e 
complex (part icularly if the self-focusing takes place, a 
discont inui ty should form faster on the beam axis t han at 
the per iphery) and, consequently, it becomes less informa
tive. 

If we assume tha t inequal i ty (4) is satisfied, we can solve 
the p rob lem in the quas imonoch roma t i c approx imat ion . 
The unpe r tu rbed solution is tha t of the linearised, close to 
the state of equil ibrium, system of equa t ions ( l ) - ( 3 ) 
together with the following linearised equa t ions of state: 

S = P + ^ T . (5) 
Po To 

The dispersion equat ion has two solut ions; co = 0 and 
co = c0k ( the wave vector k is directed a long the x axis). 
The complex ampl i tudes rw, p™, v™, v°[ = (0, vt9 vz) are 
linked by the following relat ionships: 

POCP Poco 

The solution of the nonl inear p rob lem should n o w be 
sought in the form 

vl = -(ia>p0)-1V±p<o. (6) 

p = p + — exp ICO I t — - + c.c. (7) 

and similarly for the variables T and va on the assumpt ion 
tha t p°, pw, L°, Tw, ( the superscript 0 cor responds to 
co = 0) are slowly varying functions: 

j _ = (0, dy9 9 Z ) oc p l / \ dt oc p, dx oc p, 

This is the wel l -known parabol ic approx ima t ion used in the 
nonl inear theory of diffraction [3]. I ts applicabil i ty to our 
p rob lem is determined by the values of a whole range of 
pa ramete r s . Firs t of all, the inequali ty (4) must be obeyed. 
Next , the changes in the input ampl i tude of sound should 
be slow over a distance of one wavelength (beam width 
a > ITZCQ/CO, pulse dura t ion T > c o - 1 ) and the deviat ions 
from equil ibrium should be small: T/T0 <̂  1, va/c0 <̂  1, etc. 
The condi t ion of weak dissipation is represented by the 
inequalit ies (£; rj) = ( c o / p 0 C o ) ( C ; vfi ^ 1 (the coefficient of 
absorp t ion of sound over a distance of one wavelength is 
less t han uni ty) and x = cox/p0c0cp <̂  1 (the diffusion 
spreading t ime of a t empera tu re pe r tu rba t ion in a region 
of size of one wavelength is much greater t han the per iod 
of acoust ic oscillations). The last two inequalit ies are 
readily satisfied in the u l t rasonic range: at L 0 = 20 °C when 
the frequency is co/2n = 2 M H z , the cor responding values 
of x are 3.5 x 10~ 7 for benzene (r\ = 5 x 10~ 6 ) and 
1.6 x 1 0 - 7 for the m o r e viscous glycerine (ij = 4 x 1 0 - 3 ) . 
(Here and later we shall use tabula ted values given in 
Ref. [22].) 

Subst i tut ion of re la t ionships (6) and (7) into 
E q n s ( l ) - ( 3 ) and separa t ion of the te rms with frequencies 
co = 0 and co = c0k gives a system of reduced equa t ions tha t 
describe the self-action of sound. 

The equat ion for the changes in the ampl i tude of the 
acoust ic pressure is 

( c o 9 , + e, + ^ + c 0 « ) p f f l 

icop" 
c0 8 ( p 0 c 2 ) ^ PQCQ 

0 rj, {_ 

a2p a3 T (8) 
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The absorp t ion coefficient, derived tak ing account only of 
the classical viscous mechanism, is S = (£ + 4rj/3)co2 / p0cl. 
The remain ing coefficients at are governed solely by the 
elastic nonl inear coefficient s and by the derivative of the 
velocity of sound with respect to T: ax ^ (s — l ) 2 / 2 , 
a 2 ^ s - 1, a3 « T0yp/2, where yp = (d\nc2/dT)p. 

The te rms on the right of E q n (8) cor respond to four 
mechanisms of the self-action of sound: the excitation of 
longi tudinal flow, somewhat delayed changes in the state 
under the act ion of the elastic mechanism, generat ion of 
video-frequency pressure pulses (acoustic detect ion), and 
heat ing of a liquid by sound. 

The act ivat ion of flow is determined by the to ta l 
a t t enua t ion of sound caused by dissipation and diffraction: 

(9) 
*P2A ' 

where V = rj/p0. 
Hea t ing is also due to two mechanisms , which are 

viscous and adiabat ic : 

& - xvir - q z t p ° = ¥ ^ - T - ^ ^ (10) 

Ptc0cp (2p0c2Y 
Here , % = x ( P o c o ) _ 1 I s the the rmal diffusivity and 
a4 W occl/cp. Final ly, acoust ic detection is the result of 
dissipative and adiabat ic processes [9]. 

2.2 Comparative estimates of the effectiveness of the 
various nonlinear mechanisms 
The possibili ty of observing the self-focusing can be 
determined by investigating the system of equa t ions 
( 8 ) - ( 1 0 ) using the results of calculat ions of the optical 
ana logue of the self-focusing in the aberrat ion-free 
approx ima t ion [3]. W e shall repor t numer ica l est imates 
for benzene and glycerine at T0 = 20 °C for co/2% = 2 M H z . 
At r o o m tempera tu re this value is far from the relaxat ion 
frequencies for either of the two selected liquids. The rad ius 
of an acoustic beam is assumed to be a = 0.75 cm. 

In the ins tan taneous mechanism the focusing length is 

a ( c0 

2 \Ac 

1/2 

(11) 

where Ac = s2I/(8p0c2) is the nonl inear change in the 
velocity of sound. C o m p a r i s o n of expressions (4) and 
(11) shows tha t the rat io of the relevant lengths is 
L f / L d = AnajX > 1 (A = 27rc0/co is the wavelength of 
sound) . Therefore, this mechanism cannot result in self-
focusing. The reason is quite obvious ; b o t h processes 
( format ion of a discont inui ty and self-focusing of a beam) 
are due to the same nonl ineari ty , bu t the former is no t 
associated with the b o u n d e d na tu re of the beam, whereas 
the second is of diffraction origin. 

Other mechanisms are generally t ransient . The t ime for 
their establ ishment can readily be est imated from Eqns 
( 8 ) - ( 1 0 ) : 

2 2 

a a a 

V P C0 x 
Numer i ca l values of these t imes form a definite sequence in 
the case of benzene and glycerine: 

TT = (4.5 to 4.7) x 10 2 s > TV = 6.1 to 0.04 s > TP 

= (6.6 to 4.5) x 1 0 " 6 s . 

Therefore, t h r o u g h o u t the whole real range of T, the 
cont r ibut ion to the self-action of an acoustic beam, 
impor t an t against the b a c k g r o u n d of a growing shock 
wave, can only come from sound- induced flow and heat ing. 

W e shall n o w compare the effectiveness of the viscous 
(T$) and adiabat ic (T®) heat ing. U n d e r s teady-state 
condi t ions , it follows from E q n (10) tha t 

*5 
2blx 

Pocp 

aT0I 
(13) 

zPoc

pco 

which leads to T^/T^ > 1, i.e. only the cont r ibut ion 
of viscous heat ing is of pract ical impor tance if we consider 
media with the absorp t ion coefficient S > 1 0 — 2 — 1 0 - 3 c m - 1 

when the acoustic pulse dura t ion exceeds ( l - l O ) o T 1 . 
The excitation of flow is related to two factors. The 

m a x i m u m flow velocity, governed by the a t t enua t ion of 
sound under steady (T > T v ) and uns teady (T < T v ) condi 
t ions can be est imated on the basis of E q n s (9) and (10): 

o a2 Si o SIT 

nco Pocp 
(14) 

In the absence of dissipation, the diffraction a t t enua t ion 
should set a liquid in mot ion up to a velocity v°s and the 
m a x i m u m value of this velocity is governed by the 
dependence I(x) = / ( 0 ) / [ l + (x/L s ) 2 ] , where L s is the 
diffraction scale of the spreading of a beam, which in the 
absence of the self-action is equal to coo2/c0. It then follows 
from Eqn (9) tha t 

IT 

2p0c0Lsa 

a2I 
2rjc0Ls ' 

T < T V 

T > T V 

(15) 

The rat io v^/v^ is in b o t h cases equal to 2S/LS and, in 
principle, it can assume values of the order of unity, i.e. the 
cont r ibu t ions of the dissipative and diffraction sources of 
flow can formally be comparab le in magni tude . However , 
in finding the self-focusing threshold we have to assume 
tha t L s —> oo, since at the threshold the diffraction 
spreading is, by definition, compensa ted by the nonl inear 
refraction. Therefore, in est imating the possibili ty of self-
focusing we should consider only a viscous source of 
sound- induced flow. 

In liquids with a finite viscosity it is found tha t forced 
convection might no t destroy, bu t it can distort consider
ably the process of s teady self-focusing. The steady 
convection velocity can be est imated when the gravi ta
t ional force is included in E q n (2): 

gaa2T 3gaa4I 
(16) 

where g is the acceleration due to gravity. Steady the rmal 
self-focusing is possible if the t ime xT for establ ishment of a 
steady t empera tu re profile is less t han the t ime T C = a/vc 

for displacement of heated layers of a liquid across a beam. 
This criterion limits the intensity to 

2 

I <L = 
goc3p2cpa5 

(17) 

The value of 7C is 10 4 W cm 2 for benzene and 
1 0 " 1 W cm for glycerine, i.e. s teady the rma l self-
focusing requires intensities 1^ 1 - 1 0 W c m - 2 , a t ta inable 
under t ransient condi t ions . 
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In the pulsed self-focusing regime the critical pa rame te r 
is the energy W0 = na2I0x [3]. It also determines the focal 
length of a nonl inear lens induced by sound. Therefore, the 
condi t ions for the observat ion of the self-focusing of sound 
should limit the pulse dura t ion x from below. 

A the rmal converging lens should be stronger t han a 
diverging lens formed by flow: 

. c0\yp\T0 

(18) 

Subst i tut ion, in equali ty (18), of expressions (13) and (14) 
gives 

X > 
cl\yP\ ' 

1.3 x 1 0 " z s . (19) 

This means tha t flow does no t stop heat ing t h r o u g h o u t the 
interval x = xv. In benzene the mechanism of flow 
act ivat ion is t ransient and, therefore, defocusing long
i tudinal flow does no t mask self-focusing provided 
A = cp/cl\yp\ < 1. U n d e r n o r m a l condi t ions this p a r a 
meter is A = 0.14 for benzene. 

The self-focusing length should be less t han the 
discont inui ty length. The critical self-focusing energy WCY 

can be found by equat ing L f from expression (11) to the 
diffraction-spreading length L s : 8 |Ac | / c 0 = 0.6\A/a. The 
velocity change Ac can be est imated by subst i tut ing 
expression (13) in E q n (8). The result is 

(0.6\)2Tzp0cp2? 

% J 5 
(20) 

F o r benzene this energy is 4 J and for glycerine it is 20 J. 
The t ransient self-focusing length, est imated on the basis 

of Eqn (8) is 

a2(np0cp)l/2 

2(\yP\sw0) 
1/2 (21) 

F o r glycerine, when the intensity threshold is exceeded by a 
factor of 1.5, the value of L f is less t han 10 cm. 

Final ly, condi t ion (4) and expression (21) set the limit on 
the pulse dura t ion : 

x > x 
cp(scoa)2 

\yP\$4 
(22) 

Here , the pa ramete r T* determines the rat io of the 
effectiveness of the elastic and the rmal nonl inear mecha 
nisms. 

The classical absorp t ion mechanism (unrelated to the 
effects of molecular associat ion) is characterised by 3 oc co2 

and x* is f requency-independent . In the case of benzene we 
have x* = 3.6 s and for glycerine, we have x* = 1.1 s. This 
est imate forbids dura t ions x > xv. 

The absolute rise in t empera tu re can be est imated by 
subst i tut ing formula (20) into expression (13): 

T = 
0 . 6 U 

2a \yP\wc 

(23) 

F o r example, in the case of glycerine, we have T = 1.7 °C if 
^ o / ^ c r — 1-5, i.e. dangerous overheat ing does no t occur. 

W e shall n o w find the t ransient ana logue of the criterion 
described by inequali ty (17), which excludes the influence of 
convect ion. If xv < x < xT, the velocity of sound- induced 
convection is est imated to be vc W 2gadWo/nr\cp. W e shall 
require again tha t the t ime of convective mot ion across a 

beam (T C = a/vc) should be greater t han the dura t ion of an 
acoust ic pulse x when W0 = Wcr: 

T < T c ~ • ( 2 4 ) 
gocp0l 

F o r glycerine, we have xc = 10 s. If x < T c , the convection 
velocity is est imated to be v c = (2goc3l0x2)/(p0cp) and the 
condi t ion for suppressing convection is 

/ ap0cp \ l / 3 

x < 
\23gal0 

(25) 

A n est imate based on inequali ty (25) shows tha t at the self-
focusing threshold in benzene the process of convection 
destroys completely an acoustic beam in approximate ly 
3.5 s. 

It therefore follows tha t the the rma l self-focusing effect 
can be observed in glycerine in the frequency range 
1 - 1 0 M H z when the dura t ion of the u l t rasonic pulses is 
1 - 1 0 s. In benzene, the self-focusing can be observed in the 
same frequency range, bu t the dura t ion of insonat ion 
should be at least 3.5 s. 

2.3 Self-induced transparency in an ultrasonic field 
In Sections 2.1 and 2.2 we assumed tha t the dissipation 
pa rame te r s are constant and do no t vary with the intensity 
of sound. However , s t rong t empera tu re dependences of the 
acoust ic absorp t ion coefficient are typical of a number of 
l iquids. Consequent ly , a change in the absorp t ion coeffi
cient of sound 3 with increase in its intensity is possible in 
such liquids because of acoust ic hea t ing of the medium. 
Such changes should be par t icular ly not iceable in l iquids 
with s t rong intermolecular b o n d s which determine the 
dynamic shor t - range order . Bonds existing for a finite t ime 
in tu rn alter the acoust ic spectrum of a liquid: sound bui lds 

30 T/°C 

3 2 

T/°C 

Figure 1. Temperature dependencies of the absorption coefficient S and 
of the velocity of ultrasound c: (a) triacetin; (b) azeotropic aqueous 
solution of glycerine. 
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up wha t are k n o w n as re laxat ion oscillations, which are 
strongly damped because of the relative softness of the 
bonds , and wide absorp t ion b a n d s appear in the spectrum. 
The pos i t ions of these b a n d s are influenced decisively by 
t empera tu re because of their s t ructura l origin. F o r 
example, such behaviour has been observed in a megaher tz 
frequency range for tr iacetin and an azeotropic aqueous 
solution of glycerine (Fig. 1): at t empera tu res from —70 °C 
to —20 °C a s t rong and m o n o t o n i c var ia t ion of the velocity 
of sound [9(lnc)/9r W 10~ 2 K _ 1 ] is accompanied by a steep 
and n o n m o n o t o n i c (passing th rough a m a x i m u m ) change 
in the absorp t ion coefficient [9(ln<5)/9r« 1 0 " 2 K " 1 ] [23]. 
In the range where db/dT < 0, sound hea ts a med ium and 
reduces the intrinsic absorp t ion . A n increase in the input 
intensity of sound increases the depth of its pene t ra t ion 
into a med ium and it is then na tu ra l to speak of the 
acoust ic 'self-induced t ransparency ' . 

Let us assume tha t the condi t ions necessary for the self-
focusing are satisfied. W e shall seek a m o r e general 
descript ion of the self-action, including the self-induced 
t ransparency in the relaxat ion region. This requires tha t the 
dependence 3(T) should be added to the parabol ic a p p r o x 
imat ion equat ions . In our calculat ions, we shall assume tha t 
S(T) =30 - (dd/dT)T° (db/dT is a constant , T° will be 
simply denoted by T); therefore, the results obta ined are 
valid if T is less t han the width of the re laxat ion region ATr. 
Subject to the limits considered above, the equa t ions for T 
and p =p(D deduced by reduct ion of the system of equa t ions 
( l ) - ( 3 ) become 

(6,-xvi)r = ^ - ( 8 W ] | / | 
Pococ

P 

(26) 

%+c0 o,+— V_l 
dT 

co 9c 
P = - [ d o - ^ T ) P + i^2QfTP-

(27) 

W e shall ignore the rmal conduct ivi ty and assume tha t the 
the rmal spreading t ime xT ^ 10 2 s is no longer t han the 
characterist ic self-focusing and self-induced t ransparency 
t imes. 

In the p lane-wave limit, when the width of the input 
beam becomes a —> oo and the self-induced t r ansparency 
occurs wi thout self-focusing, the system of E q n s (26) and 
(27) reduces to [24] 

duJ = -0J, dv0 = 0J 

for the functions 

(28) 

9(5 
dT POCQSQCP ' 

0 = 1 
dT da 

and the variables are u = d0x9 v = <5o(c0£ — x ) subject to the 
b o u n d a r y condi t ions 

J(u = 0, v = S0c0t) = Jo(t), 0(u = d0x, v = 0) = 1 . 

A second-order equat ion of the Liouville type follows from 
E q n (28): 

[9 w v + e x p ( W 9 w ) ] W = 0 , (29) 

which applies to the function W = In J. The first integral of 
E q n (29) gives the first-order equat ion for the function J~l: 

Figure 2. Transparency self-induced in the field of a plane wave: 
dependences of the temperature T (a) and of the intensity / (b) on the 
running time t —x/c (I* — Im exp(—S0x), Tm — S0/\dS/dT |). 

[f(v) is an a rb i t ra ry function]; the general solution of this 
equat ion is 

f = / o ( v ) e x p [ J 0

v / 0 ( O d ^ ] 
exp(w) + exp [J0

V / 0 ( 0 dt] - 1 

Fig. 2 gives the dependences I(t) and T(t) derived from 
E q n (29) for a fixed distance x from a source; the input 
pulse is assumed to have the form of a step: I0(t < 0) = 0, 
I0(t ^ 0) = 7 0 . At the leading edge of a travell ing pulse we 
have the usua l absorp t ion I = I0 exp(—<50x), Wi th t ime, the 
intensity increases if dd/dT < 0. 

If a beam is of finite width and the parax ia l app rox ima
t ion [3] is adop ted , it is na tu r a l to seek the solution of the 
system of equa t ions ( 2 6 ) - ( 2 7 ) for the specific case of a 
Gauss ian profile of the input beam in the form 

I = I0J(t9 x)&xp[-R(t9 x)r2] , 

coa2S0 

a r g p = q>(t9 x)+\ \j/(t9 x)r2 . (30) 

1 M l 
dT S0 

0(t9 x)+\ r\(t9 x)r 

where R, cp, \j/9 0, rj are the var iable pa rame te r s of an 
u l t rasonic beam. Here and later the t ransverse coord ina te r 
is normal ised to the beam rad ius a. E q n s (26) and (27) with 
the solution given by the set of expressions (30) lead to the 
following system of equa t ions in te rms of the coordina tes u 
and v. 

duJ + 2i/jJ = -0J, 9 w iA + *A2 = -b1J + b 2 R 2

i 

v y - + ( / - I ) 2 _ / ( v ) / = 0 

duR+21tR=j, dv0 = -b3J0, 

dvrj = -b3Jrj + 2b3J0R , ducp = bx (1 - 0) - b2R . 

(31) 
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It follows tha t the effectiveness of a process is governed by 
three pa rame te r s bi9 bl9 b3. Es t imates of their values for 
glycerine at T = —50 °C are [in this range, the t empera tu re 
derivative of the absorp t ion coefficient is large: 
(91n<5/9r) ^ 0.1 K " 1 ] : 

dc/dT 
1 " (dd/dT)S0c0a2 ' 

2 

coa 

,<Vo 
(QS/QT)I0 

b3 = — . 
°oPocpco 

A n approx ima te solut ion of the system of equa t ions (31) 
can be obta ined by i terat ion in which the diffraction effects 
are initially excluded (b2 = 0). In this i terat ion me thod we 
start from the solut ions of the system of equa t ions (31), in 
which only the self-induced t ransparency is t aken into 
account . The system can then be solved exactly [see 
E q n (29)]. Subst i tut ion of these solut ions into the system 
of equa t ions (31) yields the Rica t t i equat ion for the 
function The Rica t t i equa t ion can be solved by the 
W K B me thod on the assumpt ion tha t 

K = 2b1£exp(£)) > 1, 

where 

_I0\d3/dT\(t-x/c0) 

(32) 

POCP 

F o r glycerine, we have K = 2 x 10_2<i; exp(£) and condi t ion 
(32) excludes the range { < 2.5, whereas for viscous layers 
of finite thickness we have 30x > 1, so tha t we need to 
analyse only the case when { > 1 w S0x)9 since for small 
values of £ the signal is close to zero: the process result ing 
in the self-induced t ransparency has no t yet begun. The 
W K B integrat ion demons t ra tes tha t the function 0 reaches 
the m a x i m u m value for ^ = ^m ^ 30x—\n(30x). The 
intensity on the beam axis increases with the runn ing 
coord ina te £ as long as the distance travelled in the liquid is 
x < XQ , where the length x 0 is found from 

( 2 5 / ? 1 ^ o ) 1 / 2 a r c t a n [ ( ^ o ) 1 / 2 ] = n, (33) 

F o r glycerine, we have x 0 w 1.5 cm. Over longer distances 
(x > x0)9 a pulse s t ructure is formed; peaks (J —> oo) appear 
at a denumerab le number of po in ts and the coordina tes of 
these po in t s satisfy the inequali ty 2b\£ > (2n — l ) 2 / 4 . This 
inequali ty is s tronger t han tha t given by expression (32) 
and, consequently, the p roposed theory predicts correctly 
the posi t ions of the peaks of the functions J and R on the 
t ime scale. 

The energy dependence of the self-focusing length 
Lf = xi on W0 = na2I0t (in the absence of the self-induced 
t ransparency) , given by expression (21), is of the falling 
type. I ts m i n i m u m value is reached at 

_ w o ™2PQCP [SQX0 - lnQSpSo)] 
dS/dT 

w = w{ • 200 J . (34) 

The final values of J and R at the peaks can be est imated 
if diffraction is t aken into account . If we assume tha t 
b2 < 2b\ (estimates indicate tha t this assumpt ion is justified 
in the case of glycerine), the second i terat ion of the system 
of equa t ions (31) makes it possible to find a divergence-free 
solut ion by the W K B me thod and to calculate the peak 

values of the intensity, which are p ropo r t i ona l to 
\6b\jp/n2(2n — \)2b2. F o r example, for glycerine at 
T = —50 °C at distances x = 7.5 cm from a source, an 
est imate of the intensity of the first peak gives 
J(£ = 15) <̂  1 and tha t of the second peak is predicted 
to be J(£ = 62) w 3. The relative beam radius r = R~1^2 at a 
peak is 0.2, i.e. the beam is compressed by a factor of 5. The 
dura t ion of the resul tant pulse is est imated from 

271 
(35) 

( 2 M o * ) 1 / 2 

If we go back to real t ime, t9 we find tha t , for example, 
when the input intensity is 7 0 = 10 W c m - 2 , then 60 s after 
the act ivat ion of a source of sound a pulse of At ^ 6 s 
dura t ion is formed and the intensity of this pulse is 3 t imes 
higher t han tha t of the input pulse. The dependences of J 
on t and x obta ined at the second i terat ion step are 
presented in Fig. 3. 

1 
J 

1 1 

I t 

y y \yj i 

Figure 3. Self-focusing and self-induced transparency associated with 
an ultrasonic beam. The figure gives the dependence of the relative 
intensity / on the beam axis on time t and on distance x; 
ct0 = x 0 - < 5 _ 1 ln((50x0). 

Separa t ion of the self-focusing and self-induced t r a n s 
parency effects against the b a c k g r o u n d of compet ing 
processes in a supercooled very viscous liquid is h indered 
only by heat conduct ion , because the development of flow is 
practical ly excluded. A steady-state t empera tu re dis t r ibu
t ion is established in a beam in a t ime xT = a2j%. In our 
example, the beam rad ius decreases considerably at a peak 
and in est imat ing the values of xT we have to replace a with 
a/R1/2 = a%(2n — \)b]/2/Abi. The t ime for the appea rance 
of the self-induced t ransparency is £ S I T w SQX/^CQ and, in 
order to exclude the influence of heat conduct ion , we mus t 
be sure to satisfy the inequali ty £ S I T < xT. Hence , a limit is 
set on b3 (and, consequently, on the input intensity 7 0 ) : 

I>IT = l6btXxS()p0cp(b2^) [ < m ( 2 « - l ) ] - \ (36) 

In our example at a dis tance x = 7.5 cm, we have IT ^ 2 - 3 
W c m - 2 . The precision of this est imate is limited because of 
the absence of informat ion on the the rmal diffusivity 
t h r o u g h o u t the relevant t empera tu re range. 

2.4 Self-action of sound in a resonator 
Invest igat ions of the acoust ic the rmal self-focusing and 
self-induced t r ansparency in viscous l iquids have been 
cont inued in a na tu ra l m a n n e r in the resona tor geometry 
[25]. The dependence c(T) leads then to a shift of the 
n o r m a l frequencies of the resona tor and to distr ibuted 
feedback between the forward and reverse waves. D e p e n d -

file:///6b/jp
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ing on the power of the exciting u l t rasonic beam, var ious 
regimes of opera t ion of the resona tor are possible: they 
include bistable, self-oscillatory, and stochastic (the last 
represents irregular changes in the intensity of sound at the 
resona tor exit). 

A real u l t rasonic beam has a finite aper tu re and the 
dispersive bistabil i ty leads to the appearance of i n h o m o -
geneities in the beam profile [26], so tha t the role of the 
effective b e a m rad ius under s teady-state condi t ions is 
played by the size of its axial spot a w k~l (k is the 
wave number ) . In the case of a resona tor of length /, 
filled with a liquid whose absorp t ion coefficient is 30 

and b o u n d e d by mi r rors with the intensity reflection 
coefficients R\ = R2 =R (one of the mi r rors is the source 
of u l t r a sound of intensity It), it is reasonable to assume tha t 
the t ime taken to t ravel a long the resona tor is short 
(1=1 cm, tY = l/c w 10~ 5 s), compared with the charac ter 
istic t imes analysed earlier. 

The equat ion for describing the change in the acoust ic 
pressure can be obta ined from E q n s ( l ) - ( 3 ) , (5): 

°xxP+[ — ] P = i — OOP-2[—\ yjp 
\ c o J co \ c o / 

(37) 

where yc = |9(lnc)/9r|. It is assumed tha t the length of 
format ion of a shock wave exceeds / [see expression (4)]; 
moreover , the p lane-wave approx ima t ion and the results of 
a numer ica l calculat ion [26] are sufficient. Accord ing to 
these results, the t ransverse effects (diffraction, self-
focusing) in a bistable resona tor reduce the effective 
beam radius . 

F o r coun te rp ropaga t ing acoust ic waves 
P =PfQxv(—ikx) +pb exp(i£x) and a t empera tu re gra t ing 
T = T0 + Ti exp(—2ikx) + T* exp(2i&x), it is found tha t 
E q n (37) averaged over the spatial per iod 
2n/k = 2TZC0/CO0 together with the heat equat ion [deduced 
from Eqn (3) 

ZtT-XeLT + ± T : 
2p0cpc0 

(38) 

on the assumpt ion tha t the uni form t empera tu re T0 is 
affected mainly by diffusion in a t ransverse direction 
(a < I) and tha t the t ime for the establish em ent of T 0 

exceeds the t ime for the establ ishment of Tx (2ka > 1)], 
yield the following expressions in te rms of par t ia l 
derivatives [24] for six slow functions: 

7f,b = 
^Pocoh 

# = a r g ( p f ) - a r g ( p b ) , 

, 0 , = 
co 

[Tl exp(i0)+r!* exp(-i<2>)], 

Q 2 = i \ T l exp(i<2>) - Tl exp(-i<2>)] . 
co 

Let us in t roduce dimensionless variables t' = t/x, x = x/l 
(and then omit the pr imes) and write down the b o u n d a r y 
condi t ions for them: 

4 ( 1 , 0 = V f ( U ) , 

1 = / f ( 0 , 0 + b i / b ( 0 , 0 

- 2 [ V b ( 0 , tMO, 0 ] 1 / 2 c o s [ ^ ( l , t)+b4] , (39) 

<2>(0, t) = 0Otia(x,O) = O 

The process is governed by five pa ramete r s : 

2Iia2S0lco0yc 

b\ = R , b2=- = b2It, b3 = (2ka) 
PoCpCoX 

b4 = 2(kl — Tin), n is an in teger , 

b5 = e x p ( - < 5 0 / ) . 

The pa rame te r s bx and b5 govern the Q factor of the 
resona tor , b2 determines the resona tor excitation power and 
the nonl inear i ty of the med ium, b3 governs the rat io of the 
t imes for the establ ishment of the uni form t empera tu re T0 

and of the t empera tu re gra t ing Tu and b4 determines the 
de tuning of the frequency of the incident u l t r a sound from 
the nearest n o r m a l resona tor frequency (0 < b4 < 2 K ) . The 
dependence of the steady-state intensity of sound at the 
resona tor exit 7oU t = 7 f ( l ) ( l —b\)It on the input intensity, 
deduced from the above equat ions , is mul t ivalued: 

7 , = y , - o - * i ) 
° u t 1 +(blb5f-Mlb5CQ*[(2 + b?)b2IlJ(\-bl)+bA\ ' 

(40) 

If the resona tor has a sufficiently high Q factor \bx w 1, 
— \n(b5) < 1], the intensities of the forward (7f) and (7 b ) 
coun te rp ropaga t ing waves are approximate ly equal 
(7f w 7 b ) so tha t averaging over the resona tor length 
leads to a system of o rd inary differential equa t ions for 
0 i , 2 ( O = 0 i , 2 ( U ) and < P ( O = 0 o ( O + 0 i ( O : 

= 3 f r 2 / - g - ( * 3 - l ) 0 i 
1 - & 2 

0 1 = -b30l + b2J + &Q2 , (41) 

G2 = ~b3©2 

where J = b5 e x p ( - 0 2 ) / [ l + (bxb5)2 - 2bxb5 c o s ( ^ + b4)] = 
= 7o U t / [7;(l — bi)]. The dot in the above system of 
equa t ions denotes derivatives with respect to the d imen
sionless t ime t/x. 

Linear isa t ion of the system of equa t ions (41) in te rms of 
small deviat ions from the steady-state values yields the 
characterist ic equat ion: 

0 + ( s J [ 1 + i " ~ , + 3 , , - 3 e l + 

+ - [1 + 2b3

l + P ( 5 + b3

l) - Q(2 + b3

l)]+ (42) 
#3 

+P(2 + b3-l)+b3~l = 0 , 

where P = -(b2/b3)( dJ/ d<2>), Q = (b2J/b3)2, and the 
quant i ty J = Il^/I^X — b\) is described by relat ionship 
(40). A n analysis of the characterist ic equat ion (42) 
shows tha t the self-oscillatory regime appears for 
l + / ? 3 + 3 7 > — 3<2?^0 and the per iod of self-oscillations 
£0 = 2na2/J[b3(\ -\-2Pb3 + 7 > ) ] 1 ^ 2 increases with increase in 
the resona tor length. 

Numer i ca l solut ion of the system of equa t ions (41) 
makes it possible to s tudy the stability of the s teady-state 
solut ions, to find the po in ts of bifurcat ion of the appea rance 
of a cycle, and s tudy the solution near bifurcat ion poin ts . 

As the pa ramete r b3 increases, so does the number of the 
bifurcat ion poin ts (Fig. 4): they appear in pai rs and are 
shifted to the upper b ranches of the mult is table dependence 
0s(b2). The lowest bifurcat ion poin t on the right shifts 
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a 

\ \ 

0 I I I L 
c 

0 ^ 
10 20 30 40 b2 

Figure 4. Bifurcation diagrams <!>(B2), plotted for B\ — 0.9, b4 — N: 

(a) B3 = 2, 6 5 = 0.6; (b) b3 = 5, B5 = 0.6 (7) and 0.3 (2); (c) B3 10, 
B 5 — 0.6. The continuous curves are the stable parts and the dashed 
curves are unstable. 

t owards higher values of b2. In the stability ranges the 
t ransmiss ion assumes its s teady value; the pos i t ions of the 
bifurcat ion poin ts depend weakly on the de tuning b4. As b5 

is reduced (which h a p p e n s with increase in (50/), the 
birfucat ion po in t s on the upper pa r t s of the dependence 
0s\b2) are suppressed and the lower r igh t -hand bifurcat ion 
poin t shifts to the range of high values of b2\ the longer the 
resona tor , the greater the value of It necessary in order to 
retain the self-oscillatory regime. 

The single-period dependence / 0 U t ( T ) (Fig. 5a) experi
ences per iod doubl ing when crossing a bifurcation poin t 
(Fig. 5b). Then the sequence of per iod-doubl ing bifurca
t ions leads to a stochastic regime in accordance with the 
Fe igenbaum scenario (Fig. 5c). 

3. Experiments 
Accord ing to the theory presented above, there are qui te 
definite and experimental ly a t ta inable condi t ions under 
which we can observe a t ransient the rmal self-action of 
acoust ic b e a m s in liquid media of finite viscosity. This 
theory has been confirmed by a series of exper iments [13, 
1 7 - 1 9 , 2 7 - 2 9 ] and all its main predict ions, m a n y of them 
st imulated by the first experiment [13], have been 
confirmed. 

2.4 
i 

W l 0 2 W c r r T 2 * 

A A A A A 
1 1 

_0-5 1.3 

2.4 

b 

' " y v y - s A 
i r i 0-2 1.3 

2.4 

c 

0 1.3 0 2 4 

Figure 5. Phase diagrams and the intensity of steady self-
oscillations 7 ^ [t = t/(a2/X)], plotted for b\ — 0.9, b4 = tc, b5 — 5: (a) 
b2 15.5; (b) b2 16.5; (c) b2 16.55. 

3.1 Self-focusing of an ultrasonic beam in a simple liquid 
The first observat ion of the the rmal self-focusing of 
u l t rasonic beams in benzene, which has a relatively low 
viscosity, was repor ted in 1985 [13]. Benzene was 
enclosed in a cell ( 7 ) of 4 cm x 6 cm x 20 cm d imen
sions (Fig. 6). A ceramic disk (PZT-19 ceramic, 14 m m in 
diameter , resonance frequency 1.972 M H z ) t ransducer ( 2 ) 
was built into one of the cell faces. At the opposi te face 
there was a sound absorber in the form of W o o d ' s h o r n 

Figure 6. Schematic diagram of the apparatus: (7) cell; (2) ultrasonic 
transducer; (3) Wood ' s horn filled with an absorber; (4) optical 
windows; (5) laser; (6-8) optical lenses; (9) ring aperture; 
(10) photographic camera. 
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(3) filled with glass wool . The undesi rable hea t ing of the 
med ium in the region of p ropaga t i on of the acoust ic beam 
by the heat released dur ing the opera t ion of the t ransducer 
was prevented by placing, in front of the t ransducer , a th ree-
layer the rma l filter m a d e of a polyte t raf luoroethylene 
film 50 um thick. The cell had side windows (4) m a d e of 
optical glass for i l luminat ion of the liquid with laser 
rad ia t ion . The source of this rad ia t ion ( 5 ) was either the 
c w H e - N e laser (emission wavelength X = 0.63 um, ou tpu t 
power P = 10 m W ) or a pulsed N d 3 + : Y A G laser with 
frequency doubl ing in an LiNbC>3 crystal (X = 0.53 um, 
pulse dura t ion T = 15 ns, energy E = 3 mJ) . The dura t ion of 
the laser pulses was much less t han the acoust ic wave per iod. 

D u r i n g con t inuous i l luminat ion the field of an image 
of the u l t rasonic beam consisted, because of the 
R a m a n - N a t h diffraction, of a l ternate dark and br ight 
fringes, which were the result of pu re phase modu la t ion . 
Such modu la t ion was retained to sound intensities of 
10 2 W c m 2 . In the experiments repor ted in Refs [13, 
1 7 - 1 9 , 28, 29] an aper tu re ( 9 ) , placed in front of a 
p h o t o g r a p h i c camera , t ransmi t ted only the zeroth diffrac
t ion order , in accordance with the 'bright field' me thod . The 
'bright field' pa t t e rn was formed by an optical system 
compris ing lenses (6-8), the aper tu re ( 9 ) and the p h o t o 
graphic camera (10). This me thod enabled us to measure 
the geometr ic size of the beam (from the change in the 
distance between the diffraction pa t t e rn fringes) and the 
to ta l power in a selected section of the med ium (from the 
number of the diffraction fringes). I l luminat ion of a 
travell ing acoustic wave with pulsed laser rad ia t ion m a d e 
it possible to observe also the phase fronts of the acoust ic 
beam and, con- sequently, to determine m o r e accurately the 
bounda r i e s of the beam. 

These experiments [13, 1 7 - 1 9 , 28, 29] were carried out 
after a pre l iminary cal ibrat ion of the t ransducers and 
receivers. The piezoelectric ceramic t ransducer was excited 
by a vol tage supplied from a stabilised hf oscillator with a 
power amplifier, so tha t the acoust ic power carried out by 
the beam could be up to 50 W. U n d e r these condi t ions the 
the rmal self-focusing mechanism in benzene should, in 
accordance with Section 2.2, be only t ransient . W h e n the 
dura t ion of insonat ion x was less then xv w 10 s and the 
t ime for the establ ishment of the uni form t empera tu re was 
xT w 10 2 s. the defocusing longi tudinal flow and heat 
conduct ion were inactive provided A = cp/clyp < 1. This 
requi rement was satisfied for benzene: A = 0.14. U n d e r the 
condi t ions in Refs [13, 29] the sound- induced convection 
was also t ransient and did not destroy the beam provided 
x < xc = 1.4 s. Mul t i s tage generat ion of ha rmonics could be 
suppressed completely for x > xp w 39.5 s. F o r x > xp, the 
ha rmonics were generated bu t the process was not too 
advanced (a shock was no t inverted), which did not prevent 
self-focusing bu t simply caused dis tor t ions in the t ransverse 
dis t r ibut ion of the intensity in the acoust ic beam and 
reduced somewhat the self-focusing threshold est imated, 
in accordance with expression (20), to be WCY w 3.9 J. 

Con t ro l exper iments were carried out on water with a 
posit ive t empera tu re derivative of the velocity of sound 
right up to T w 74.5 °C. Consequent ly , self-focusing of 
sound was in principle impossible. In fact, when the power 
in the beam was P w 50 W, no changes were found in the 
beam profile over a per iod x w 10 s. 

The first experiments on benzene [13] showed tha t a 
significant increase in the t empera tu re of the med ium in the 

region of an acoust ic beam resulted from the heat flux 
released by the t ransducer . Such heat ing m a d e the med ium 
turbulent and distorted considerably the wavefront of the 
acoust ic beam, which prevented self-focusing. This heat flux 
was excluded by placing a number of the rma l filters, 
perpendicular to the direction of p ropaga t i on of the 
beam and m a d e of a poly tetr a fluoro ethylene film 50 um 
thick. In cont ro l experiments these filters were located at 
distances of 2.5 cm from the t ransducer and from one 
ano ther and they did not prevent u l t r a sound p ropaga t ion . 
However , they reduced considerably the pene t ra t ion of heat 
released by the t ransducer . In all the subsequent experi
men t s we used just one mult i layer the rmal filter located 
near the t ransducer . 

A n analysis of the results of opt ical visualisation of an 
acoust ic beam in benzene with the aid of cw H e - N e laser 
rad ia t ion showed tha t the change in the beam cross section 
became significant when the acoustic energy reached 
W « 2 J (P = 20 W) . The main changes were beam con
t rac t ion and reduct ion in the distance between the fringes in 
the diffraction pa t t e rn (Fig. 7). The bounda r i e s of the 
cont rac ted beam were clearly visible. Spreading of the 
fringe in the upper and lower pa r t s of the images 
cor responded to the side lobes of the emission d iagram 

a 

Figure 7. 'Shadow' patterns of the distribution of the intensity of an 
acoustic beam in benzene. The input acoustic radiation power was 
P — 15 W and patterns were recorded at the following times after 
activation of the source: (a) 0.2 s; (b) 0.5 s; (c) 1 s; (d) 2 s. The 
transducer source was located on the left and the heat filter can be 
seen. 
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of the acoustic t ransducer and to reflections from the cell 
walls. 

A n increase in the acoust ic energy at cons tant power 
delivered to the t ransducer resulted in mo t ion of the beam 
waist, which then formed, t owards the t ransducer . The 
velocity of the beam waist or, in other words , the change in 
the self-focusing length L f agreed with the theoret ical 
predic t ions given in Section 2.2: for P = 15 W, we found 
(for example) tha t L f = 8 . 8 ^ - 1 / 2 . W h e n the acoust ic beam 
energy was increased to W « 30 J, the beam contrac ted by a 
factor exceeding 2. A further increase in this energy b r o k e 
up the acoust ic beam into several filaments (nonlinear 
aber ra t ion) at angles to the axis. These filaments carried 
an energy of the order of the critical value, as deduced from 
est imates from the frequencies of the fringes in the ' shadow ' 
pa t te rn . The acoust ic power in the beam was determined 
from the n u m b e r of a l ternate 'br ight ' fringes inside the 
beam [30] and the results were compared with those 
p roduced by p r o b e measurements . 

Visualisat ion of the u l t rasonic beam in benzene with the 
aid of pulsed N d 3 + : Y A G laser rad ia t ion showed [29] h o w 
the radius of curva ture of the wavefronts changes (Fig. 8). 
A n increase in the acoust ic energy at the beam centre, where 
heat ing was stronger, delayed the wavefront relative to the 
beam periphery. W h e n the delay reached A/2 (half the 
distance between the dark fringes in Fig. 8), the front b r o k e 
up and the main beam split into several componen t s . 

Measu remen t s of the rad ius of curva ture of the 
wavefronts gave a fairly accura te value of the self-focusing 
length L f , represent ing the posi t ion of the waist where the 
sign of the rad ius of curva ture was reversed and the rad ius 
became infinite. W h e n the acoustic energy was W « 150 J, 
the self-focusing length L f was approximate ly 10 cm [29]. 

3.2 Self-focusing and self-induced transparency in a 
high-viscosity liquid 
A na tu r a l development of the work repor ted in Refs 
[13, 29] was the investigation of the mechanisms of the 
the rmal self-interaction of u l t r a sound in viscous liquids 
[ 1 7 - 1 9 , 29, 31]. The bulk of the experiments on, for 
example, glycerine [17, 29] was carried out with a p p a r a t u s 
similar to tha t shown in Fig. 6. Glycerine was selected 
because, even at r o o m tempera tu re , its viscosity rj and the 
absorp t ion coefficient of sound 3 are considerably greater 
t han those of benzene; moreover , the negative t empera tu re 
derivative of the absorp t ion coefficient of glycerine, 
a m o u n t i n g to 9(In 3)/dT w — 0.07 K - 1 , is also greater . 
The dura t ion of observat ion t of the self-action effects 
satisfied n o w different condi t ions: xT > t > T v , where 
TT w 5 x 10 2 s and T V W 5 x 10~ 2 s for a = 0.75 cm. 
U n d e r these condi t ions the sound- induced convection 
was quasis teady and its velocity v c w 2ga3Pt/nrjcp was so 
low (because of the high viscosity rj) tha t the influence of 
the convect ion on self-focusing was practical ly negligible. 
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Condi t ion (25), which had to be satisfied to justify such 
neglect, was obeyed. 

Accord ing to an est imate represented by inequali ty (22), 
the generat ion of higher ha rmonics could be ignored if 

1 s. In fact, when the injected acoustic energy exceeded 
by a factor of 1 .5 -4 the critical self-focusing energy 
a m o u n t i n g to 20 J, the irregulari ty of the shadow pa t t e rns 
remained undis tu rbed for h u n d r e d s of seconds. 

In addi t ion to opt ical detection, we carried out also 
p r o b e measurements of the t empera tu re and pressure 
dis t r ibut ions in an acoustic beam. Both optical and p r o b e 
measurements showed tha t an increase in the injected 
acoust ic energy W caused cont rac t ion of the beam which 
could reach a factor of 2 at W = 800 J. A detailed pa t t e rn 
of this cont rac t ion mechanism was provided by optical 
measurements : the phase fronts of sound in the region 
adjoining the t ransducer had a negative curva ture and far 
from it they had a posit ive curvature . Therefore, an acoust ic 
beam formed a converging the rma l lens (Fig. 9) in glycerine 
and benzene. 

Since glycerine had a high t empera tu re derivative of 39 

the the rmal self-induced t ransparency could be observed for 
the first t ime: the depth of pene t ra t ion of an acoust ic beam 
into glycerine increased with increase in the injected energy: 
the effective pene t ra t ion depth L was 5.5, 6.7, and 7.9 cm 
for W « 7 , 40, and 80 J [17]. 

The relative effectiveness of the self-focusing and self-
induced t r ansparency processes was described by the 
pa ramete r bi9 in t roduced in Section 2.3 and equal to the 
energy needed to m a k e the liquid t r ansparen t to sound over 
a distance x (equal to the diffraction spreading length L s ) , 
divided by the critical self-focusing energy. In r o o m -
tempera tu re experiments on glycerine it was found tha t 
bi = 12.5 and, therefore, the self-focusing p redomina ted 
over the self-induced t ransparency . 

P r o b e measurements of the pressure and t empera tu re 
on the acoustic beam axis and at its per iphery (Fig. 10) gave 
est imates of the t imes in which quasis teady levels of the 
sound- induced changes in these quant i t ies were established. 

p . AT > AT 

Figure 10. Time dependences of the pressure and temperature in 
glycerine at a distance of 7.5 cm from the transducer: (a, b) on the 
beam axis; (c) on the beam periphery. 

3.3 Self-action of ultrasound in the relaxation absorption 
range 
It was demons t ra ted in Sections 2.2 and 2.3 tha t the use of 
viscous l iquids makes it possible to increase the t ime scale 
of exper iments and to ensure injection of a higher acoust ic 
energy at a given level of the input power . Moreover , in a 
detailed investigation of the self-action effects it is desirable 
to vary a n u m b e r of pa rame te r s of the med ium (39 8(5/87, 
dc/dT) in the widest possible range of values. It was found 
tha t this is possible in the case of quas is t ruc tura l h igh-
viscosity l iquids and tha t the t empera tu re dependence of 

the absorp t ion was strongly dome-shaped (see Fig. 1). F o r 
example, an increase in t empera tu re of an aqueous solution 
of glycerine and of tr iacetin from —80 °C to + 2 0 °C 
increased the absorp t ion coefficient 3 of u l t r a sound from 
1 0 " 2 to 15 cm and the t empera tu re derivative of this 
coefficient was =bl cm" _ 1 K " 1 [23]. The values of the 
derivative 8c/8r, which govern the effectiveness of the 
self-focusing process, varied from —2 to —40 m s _ 1 K _ 1 . 
Exper iments on an aqueous solution of glycerine (with 
13% of water ) and on triacetin were carried out with 
modified appa ra tu s . A massive stainless-steel cell was of 
rec tangular shape and its d imensions were 20 cm x 6 cm x 
4 cm. I ts the rmal insulat ion was improved by provid ing it 
with double opt ical windows (20 cm x 4 cm). The other 
surfaces of the cell were also double and the space between 
the walls was used to circulate a cooling agent. These 
experiments were carried out over the whole t empera tu re 
range from —80 °C to + 2 0 °C employing a system for 
the rmal stabil isation and cooling with liquid or gaseous 
ni t rogen. The cell was fitted with addi t iona l external heat 
exchangers with highly b ranched internal channels . The 
required t empera tu re and its uni form dis t r ibut ion over the 
cell vo lume were main ta ined with an error not exceeding 
0.1 °C. The t empera tu re re laxat ion t ime of the med ium 
after interact ion with an acoust ic beam ranged from 15 min 
to 3 h. 

The t empera tu re dependences of the absorp t ion and 
velocity of u l t r a sound in tr iacetin (Fig. 11) and also in an 
aqueous solution of glycerine could be divided into five 
characterist ic ranges . The results of an investigation in each 
of these ranges are of intrinsic interest. 
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Figure 11. Characteristic ranges in the temperature dependences of 
the ultrasonic parameters (absorption coefficient and velocity) of 
triacetin. 

I. Jo = - 1 5 °C to 20 °C 
The absorp t ion is weak: 3 ^ 0.05 c m - 1 ; the t empera tu re 
derivatives of the absorp t ion coefficient and the velocity of 
sound are low: d3/dT w 0.1 c m - 1 K _ 1 and dc/dT = 
— ( 3 - 6 ) m s _ 1 K _ 1 ; the viscosity is ?/ = 0 . 1 - 5 P . The 
self-focusing process p redomina tes in b o t h liquids. H o w 
ever, this process is no t very effective: in view of the low 
viscosity, the growth t ime of the process is limited in the 
absence of compet ing processes. The exper imental results 
for this t empera tu re range in fact repeat the da ta obta ined 
for benzene [17]. The t ime dependence of the pressure of 
sound on the beam axis, typical of the t empera tu re range I, 
is shown in Fig. 12a. 
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Figure 12. Time dependences of the pressure of ultrasound in triacetin 
on the the beam axis at 5 cm from the transducer, determined for 
different initial temperatures and intensities; (a) I0 — 2 W c m - 2 , 
r 0 = 2 0 ° C ; ( b ) / 0 = 2 W c m " 2 , r 0 = - 2 5 ° C ; (c) I0 = 3 W c m " 2 , 
T0 - 4 0 °C; (d) I0 = 3 W c m " 2 , T0 - 6 5 °C. 

II. T0= - 3 0 °C t o - 1 5 ° C 
The absorp t ion in this range is fairly s t rong (3 = 1-7 
c m - 1 ) . The high viscosity (rj = 1 0 2 - 1 0 3 P) and the large 
negative t empera tu re coefficients (d3/dT w — 1 0 - 1 c m - 1 

K - 1 , dc/dt = —(4-15) m s - 1 K _ 1 ) ensure tha t u l t r a sound 
penet ra tes the investigated med ium to distances at which 
significant changes occur in the t ransverse size of the 
acoust ic beam. The self-focusing develops solely because of 
the self-induced t ransparency , so tha t the establ ishment of 
an acoust ic pressure in the med ium is delayed and the delay 
is represented by the t ime taken by the self-induced 
t ransparency to develop (Fig. 12b). 

III. T0= - 5 0 ° C t o - 3 0 ° C 
The m a x i m u m absorp t ion (3 ^ 10 c m - 1 ) , the large negative 
derivative dc/dT & — 40 m s _ 1 K - 1 , and the values of 
d3/dT r ang ing from — 1 to + 1 m s _ 1 K _ 1 m a k e it possible 
to inject a high acoustic energy into the med ium and to 
a t ta in the self-induced t ransparency even when its th resh
old is high (about 100 J), bu t this h a p p e n s only close to the 
t ransducer (x < 2.5 cm). Therefore, as indicated by 
est imates given in Section 2.3, pu re self-focusing is no t 
observed. On the other hand , a s t rong t empera tu re 

dependence of the velocity of sound makes it possible to 
identify clearly the self-focusing process which develops 
after self-induced t ransparency . The t ime dependence of the 
acoust ic pressure has a characteris t ic pulse-like signal peak, 
which is the result of self-focusing and represents format ion 
as well as mo t ion of a the rma l lens against the b a c k g r o u n d 
of m o n o t o n i c growth of the self-induced t ransparency 
(Fig. 12c). In this t empera tu re range the initial posi t ion on 
the absorp t ion curve (to the right or left of the m a x i m u m ) 
affects only the self-induced t ransparency t ime. 

IV. Jo = - 6 0 °C to - 5 0 °C 
In this case the high absorp t ion coefficient (3 w 1 - 5 c m - 1 ) , 
the positive derivative d3/dT > 0, and the negative 
derivative dc/dT w — ( 3 0 - 4 0 ) m s _ 1 K _ 1 represent a set 
of pa ramete r s of the med ium which are of no great interest: 
u l t rasound penet ra tes a liquid to a depth no t exceeding 
1 cm. 

V. T0 < - 6 0 °C 
The absorp t ion coefficient ( 5 ^ 0 . 1 - 0 . 5 c m - 1 , the posit ive 
derivative d3/dT > 0, and the negative derivative 
dc/dT = - 1 0 m s _ 1 K _ 1 ensure 'self-darkening' , which is 
a reduct ion in the depth of pene t ra t ion of an u l t rasonic 
beam when its intensity is increased (Fig. 12d). 

The greatest interest lies in the ranges of m a x i m u m 
absorp t ion (II and III) of u l t r a sound , cor responding to 
3(—50 °C) « 10 c m - 1 for glycerine (see Fig. 1). 

At low values of the input intensity, I < IT [defined by 
inequali ty (36)], when the influence of the the rmal con
ductivity is significant, the t empera tu re in the paraxia l 
region of the beam remains low, and the effectiveness of 
the self-interaction is low. In fact, if the input intensity of 
sound is of the order of 2 W c m - 2 (Fig. 13a), the exper
imenta l results are in quali tat ive agreement with the 
est imates given in Section 2.3, bu t the intensity of sound 
on the b e a m axis is less t han tha t predicted theoretically. 

/ / W c m " 

2 

1 -

M 
I I 
• I 
I I 
• I 
I v 

J_L 
10 40 70 100 t/s 

Figure 13. Time dependences of the intensity of ultrasound in glycerine 
(initial temperature T0 — — 43 °C) measured on the beam axis at a 
distance of 7.5 cm from the transducer: (a) I0 — 2 W c m " 2 , (b) I0 — 8 
W c m " 2 (the continuous curves are experimental and the dashed curves 
are calculated). 
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A n increase in the input intensity of the acoust ic beam 
to 7 0 > IT reduces considerably the t imes needed for the 
development of the self-focusing and the self-induced 
t ranparency , so tha t the the rmal conduct ivi ty becomes 
u n i m p o r t a n t . W h e n the intensity is 7 0 = 8 W c m - 2 , s t rong 
self-concentration of the acoust ic energy b o t h in space and 
t ime is observed in a liquid at a dis tance x = 7.5 cm from 
the t ransducer : a pulse of = 8 s dura t ion is formed and 
the peak intensity in this pulse is over twice as high as the 
input intensity of sound 7 0 (Fig. 13b). Theoret ica l est imates 
agree well with the exper imental da ta . However , it should 
be poin ted out tha t measurements of the acoust ic wave 
intensity are subject to an error of approximate ly 5 0 % , 
whereas the t ime scale of the process is inversely p r o p o r 
t ional to the intensity. A significant influence of the self-
induced t ransparency on the observed pa t t e rn is confirmed 
quite definitely: an increase in the injected energy displaces 
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Figure 14. Time dependences of the pressure of ultrasound in glycerine 
measured on the beam axis at a distance of 5 cm from the transducer: 
(a) T0 = 2 0 ° C , I0 = 4 W cm 
70 = 8 W c m " 2 

c m " 2 

(b) T0 - 3 0 °C, I0 = 5 W cm" 
(2), 70 = 

(at x — 7.5 cm). 
10 W c m " z (3); (c) T0 = -48°C, 7, 
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the focus of a nonl inear lens away from the t ransducer and 
no t t owards it, in contras t to the self-focusing in the absence 
of the self-induced t ransparency . 

The dependences of the effectiveness of nonl inear 
processes on the initial intensity of sound were investigated 
t h r o u g h o u t the whole re laxat ion t empera tu re range also for 
tr iacetin, which is a med ium with a m a x i m u m of the 
absorp t ion of u l t r asound: 5(—41 °C) = 1 4 c m _ 1 [18]. 

At the highest t empera tu res (range I), the self-focusing 
occurred at intensities limited from be low by the the rmal 
conduct ivi ty and induced flow and from above by the 
generat ion of ha rmonics : for glycerine the limits were 
U / ^ 8 W c m " 2 (Fig. 14a) and for the tr iacetin, the 
cor responding limits were 0.3 ^ 7 ^ 3 W c m - 2 . The rad ius 
of the acoustic beam in the focal waist region reached 
0 . 3 - 0 . 4 cm and the intensity was a factor of 2 - 2 . 5 higher 
t han the input value. 

The exper imental threshold for the observat ion of the 
self-induced t r ansparency at somewhat lower t empera tu res 
(range II) was 1 W c m - 2 for glycerine and 0.5 W c m - 2 for 
tr iacetin. The m a x i m u m depth of pene t ra t ion of an acoust ic 
beam was 1 0 - 1 5 cm for glycerine at 7 = 8 W c m - 2 and for 
tr iacetin at 7 = 5 W c m - 2 (Fig. 14b). At higher intensities 
the beam was destroyed by the sound- induced flow. 

In the region of the absorp t ion m a x i m u m (range III) , 
the threshold for the observat ion of the self-induced 
t ransparency in these l iquids rose to 1.5 and 
1.3 W c m - 2 , respectively. W h e n the initial t empera tu re 
was in the vicinity of the absorp t ion m a x i m u m and the 
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Figure 15. Self-concentration of an acoustic beam in glycerine observed 
for I0 — 8 W c m " 2 and TQ — — 48 °C: (a) time dependence of the pressure 
on the beam axis at x — 7.5 cm; (b) optical image of the intensity 
distribution in the focal region recorded 30 s after activation of the 
transducer source. 
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input intensity was near the threshold of flow 
(7 w 10 W c m - 2 ) , the s imul taneous effect of spatial and 
t empora l self-concentration of the acoust ic energy was the 
most striking effect; this looks promis ing for pract ical 
appl icat ions (Fig. 14c). At distances of several centimetres 
from the t ransducer an acoust ic pulse reached its peak 
intensity which was several t imes higher t han the input 
value 7 0 . P robe (Fig. 15a) and optical (Fig. 15b) measu re 
ment s demons t ra ted tha t the t ransverse size of the focal 
region was then 2 - 3 wavelengths and its longi tudinal size 
did no t exceed 5 - 7 wavelengths . 

Selection of the op t imal values of the pa rame te r s 
(observat ion distance x = 7.5 cm, initial t empera tu re 
TQ = —54 °C, and input u l t rasonic wave intensity 
7 0 = 10 W c m - 2 ) maximised the enhancement of the 
intensity of u l t r a sound to m o r e t han one order of m a g n i 
tude , compared with the initial value (Fig. 16). In the focal 
region the beam had sharp boundar i e s : at a distance of 2 - 3 
m m from the b e a m axis it was not possible to detect the 
u l t rasonic field (the sensitivity threshold of the a p p a r a t u s 
was 1 0 - 3 W c m - 2 ) . The intensity in the beam waist was 
sufficiently high to generate a shock wave: when self-
concent ra t ion occurred at short distances from the t r a n s 
ducer, the spectrum of the u l t rasonic wave became enriched 
with higher (up to the fourth inclusive) ha rmonics . 
Accord ing to the est imates in Section 2.3, the intensity 
at the focus at a dis tance of 7.5 cm should be 1 0 0 - 1 5 0 W 
c m - 2 . P robe measurements gave a value no t exceeding 
60 W c m - 2 , which could be explained par t ly by the n a r r o w 
b a n d na tu re of the detector . The t ime taken to induce the 
t r ansparency was 50 s, the dura t ion of an acoust ic pulse 
formed in this way was 5 s, and the smallest size of the 
region of localisation of the self-concentrated u l t r a sound 
was 5 - 7 m m . The bulk of the beam power was therefore 
concent ra ted in the vo lume 102A3 = ( 2 - 6 ) x 1 0 - 2 c m 3 . 
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Figure 16. Pressure distribution in a transverse section of the beam at a 
distance of 7.5 cm from the transducer, recorded 45 s after activation 
of the transducer under conditions of self-concentration of the ultra
sonic beam in glycerine at TQ — — 54 °C for I0 — 10 W c m - 2 . 

The self-darkening effect was observed (Fig. 17a) at the 
lowest t empera tu re (range V) for input intensities 7 0 > 0.05 
W c m - 2 . The ul t rasonic wave intensity changed by several 
orders of magni tude . As expected, the self-darkening effect 
developed faster in the acoustic beam axis. W h e n the initial 
intensity of the u l t rasonic beam was increased by an order of 
magn i tude or m o r e (to 0 . 5 - 1 W c m - 2 ) , the dependences of 
the acoust ic pressure in the interior of the med ium ceased to 

/ ? / l 0 5 N m " 2 

0 50 100 t/s 

/ ? / l 0 5 N m " 2 

Figure 17. Time dependences of the pressure of ultrasound in glycerine 
recorded at 5 cm from the transducer under self-darkening conditions: 
(a) T0 = - 6 5 °C, / 0 = 0 . 1 W c m " 2 ; (b) T0 = - 6 4 °C, I0 = 0.3 W c m " 2 . 

be m o n o t o n i c and oscillations with a per iod of 1 0 - 3 0 s, 
depending on the initial condi t ions , were observed against 
the b a c k g r o u n d of the decaying signal (Fig. 17b). Such an 
oscil latory regime could be a t t r ibuted to the s imul taneous 
(and mutua l ) influence of heat conduct ion , self-darkening, 
and self-focusing processes. 

A n approx ima te W K B theory of the self-action of wave 
packe ts (Section 2.3) predicted [31] a moving mult i focus (at 
high input intensities of u l t r a sound) s t ructure of the field in 
a liquid. Ref inement of this theory by a numer ica l 
experiment [32] ensured, first, a practically complete 
quant i ta t ive agreement with the results of an investigation 
of the t ime dependence of self-concentration (Figs 18a, 

7/70 

10 ,-

0 1 2 T - 1 0 1 r 

Figure 18. Dependences of the relative intensity of ultrasound on the 
beam axis: (a) on time (formation of two pressure pulses; (b and c) on 
time and on the transverse coordinate, respectively, when focusing 
produced a ring-shaped pattern. The continuous curves are experi
mental [19] and the dashed curves are calculated [32]. 
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18b). Second, this refinement demons t ra ted tha t when the 
threshold was exceeded, the t ransverse s t ructure of the 
beam could change no t only quant i ta t ively bu t also 
qualitatively: 'a silent zone ' appeared at the centre of the 
acoust ic beam and the beam was focused to form a r ing 
(Fig. 18c). These predic t ions were suppor ted fully by the 
exper imental results [18, 32] obta ined for viscous liquids 
(glycerine and triacetin): an increase in the injected ul t rasonic 
energy gave rise to several 'hot spo ts ' in a med ium (Figs 18a 
and 19b) and the acoustic energy was transferred to a 
per iphera l r ing-shaped zone (Figs 18c, 19c). The pa rame te r s 
of the curves in Fig. 19 were G)2a2\dc/dT\/cl\dS/dT\ = 4, 
coa2(Vo = 130, coa 2 |8^/8r | / 0 /p 0 co^ = 1.75 x 1 0 " 5 . 

2.5 7.5 

Figure 19. Equidensity lines in an optical image of an ultrasonic beam 
at the following moments: (a) 10 s; (b) 30 s; (c) 80 s. The time 
dependences of relative intensity, obtained at the positions of the 
sensor in these images, are plotted on the right: the continuous curves 
are experimental and the dashed curves are calculated. 

3.4 Nonlinear thermal effects in an acoustic resonator 
Nonl inea r processes in a resona tor (cavity) conta in ing a 
med ium with nonl inear optical proper t ies have been 
investigated in detail, b o t h theoretical ly and exper imen
tally [33]. Bistability of an optical resona tor makes it 
possible to use it, depending on the na tu re of the 
nonl inear i ty and on the feedback mechanism, as an 
optical limiter, a differential amplifier, an optical t rans is 
tor , and a m e m o r y device. 

Non l inea r acoust ic resona tors have been investigated 
much less. Measu remen t s of the frequency shift of the 
modes in a resona tor placed inside a cell conta in ing 
glycerine, caused by a change in the velocity of sound as 
a result of sound- induced heat ing of a med ium, was 
measured [25]. The shift of the m o d e centre was determined 
and it was found tha t this shift exhibited a hysteresis at 
sufficiently high intensities of u l t r a sound . 

Detai led invest igations of var ious regimes of u l t rasonic 
self-oscillations in a nonl inear resona tor are repor ted in 
Refs [25, 27]. The exper iments described there were a 
cont inua t ion of investigations of the the rmal self-focusing 

Figure 20. Schematic diagram of the apparatus: (7) oscillator; 
(2) amplifier; (3) frequency meter; (4) oscilloscope; (5) transducer; 
(6) mirror; (7) piezoelectric transducer (detector); (8) thermally stabil
ised cell with glycerine; (9) voltmeter; (10) automatic plotter. 

/ o u t , W c m 

0.2 -

0.1 -

/ i n ,WcrrT 2 

Figure 21. Dependence of intensity 7 0 u t of ultrasound at the resonator 
exit. The arrows identify the direction of change of the input intensity 
7 i n ; T0 10°C, / 1.2 cm (bx 0.9, b2 6 / i n , b4 = 0, b5 = 0.75). The 
continuous curve is theoretical and the experimental points are plotted 
with an indication of the errors. 
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and the self-induced t ransparency in an intracavi ty system. 
The theoret ical mode l discussed in Section 2.4 takes account 
of the t empera tu re dependence of the velocity of sound (see 
Fig. 1), represented by c(T) = c0 — (dc/dT), in the inves
t igated azeotropic solution (13% of water ) of glycerine, 
which shifted the n o r m a l frequencies of the resonator , 
dis tor ted the profiles of the resona tor modes , and ensured 
dis tr ibuted feedback between the forward and reverse 
waves. Depend ing on the intensity of the exciting rad ia 
t ion, it was possible to opera te the resona tor in quali tat ively 
different ways: bistable, self-oscillatory, and stochastic. 

These experiments were carried out in a thermal ly 
stabilised cell of 20 cm x 6 cm x 4 cm dimensions (Fig. 20). 
A n ul t rasonic field in a plane-paral le l resona tor (of the 
F a b r y - P e r o t type) was generated by a ceramic piezoelectric 
t ransducer ( 5 ) opera t ing at a resonance frequency of 
2 M H z . One of the reflectors in this resona tor was the 
t ransducer itself and the other was a meta l disk (6) with the 
reflection coefficient 0.9. The aper tures of b o t h reflectors 
were 2a = 1.5 cm. Several axial resona tor modes could be 
fitted within the limits of the resonance curve of this 
t ransducer . The resonance base could be varied from 0.6 
to 4 cm. The resona tor axis was vertical. The t ransducer 
was supplied from a stabilised hf oscillator and a power 
amplifier. The m a x i m u m ul t rasonic beam power reached 
20 W in glycerine. The pressure in the t ransmi t ted wave at 
the exit from the resona tor was measured with a wide-band 
(Acq W 20 M H z ) piezoelectric t ransducer ( 7 ) connected to a 
vol tmeter ( 9 ) , which served as a linear detector . I ts ou tpu t 

was recorded by an au toma t i c plot ter (10). The p a r a 
meters of the t ransmi t ted and received signals were 
moni to red with an oscilloscope (4) and a frequency 
water (3). Measu remen t s were m a d e on glycerine initially 
kept at 10 °C (3 « 0.2 c m " 1 , c 0 « 2 x 10 5 cm s " 1 , 

10" K" 1.2 g cm 
:4 x 10 2 cm s " 1 K " 1 ) . 

; 4 J g~ K" V 
dc/dT : 

These experiments showed tha t , following the t ransient 
stage (t ^ a2/x), the na tu re of the dependences in the ou tpu t 
intensity 7 0 U t of sound t ransmi t ted by the resona tor was 
governed entirely by the input intensity Tm. Steady-state 
condi t ions were observed in the range 7 i n ^ 1 W c m - 2 

( / = 1 . 2 c m ) . W h e n the input intensity was Lm ^ 0.2 
W c m - 2 , the ou tpu t intensity 7 0 U t depended linearly on 
7 i n and acoust ic bistabil i ty (Fig. 21) was observed in the 
range 0.2 ^ 7 i n ^ 1 W c m - 2 (1.2 < b2 < 6). W h e n the input 
intensity was increased to 1.5 W c m - 2 (b2 « 9), the ou tpu t 
intensity 7 0 U t varied in an oscil latory m a n n e r with t ime. A 
further increase in 7 i n initially induced sinusoidal oscilla
t ions (Fig. 22a), which were t ransformed into a sum of 
ha rmonics (Fig. 22b). In the range 7 i n w 1 .5 -2 W c m - 2 

( Z ? 2 ~ 9 - 1 2 ) , the changes in the ou tpu t intensity with 
t ime became irregular (Fig. 22c). 

A n increase in the resona tor length reduced the range of 
the input intensities 7 i n in which regular oscillations were 
observed. F o r / > 4 cm, the oscil latory regime was no longer 
observed because of an ab rup t t ransi t ion to stochasticity. 

The changes in the intial t empera tu re T0 and in the 
initial de tuning of the frequency co0 from the na tu ra l 

/<MT/Wc 
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Figure 22. Experimental dependences of the output intensity Iout(t): (a) 4 = 1 W c m - 2 ; (b) I-m — 1.2 W c m - 2 ; (c) I-m — 2 W c m - 2 . 
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frequency of the resona tor did no t affect significantly the 
na tu re of the t ime dependence of 7 0 U t : they influenced only 
the shape of the hysteresis curve and the spectrum of self-
oscillations. 

The the rma l nonl inear i ty mechanism played a decisive 
role in the resona tor configurat ion for the self-excitation of 
u l t r a sound in a viscous liquid. At input intensities 7 i n in the 
range 5 - 1 5 W c m - 2 a process of self-tuning of the 
resona tor to the p u m p frequency was observed. This 
increased, with t ime, the intensity of the wave t ransmi t ted 
by the resona tor to a value cor responding to the t r ansmis 
sion m a x i m u m . Such self-tuning was observed at p u m p 
frequencies very different no t only from the frequency 
cor responding to the t ransmiss ion m a x i m u m of the 
unexcited resonator , bu t also from the resonance frequency 
of the un loaded ceramic piezoelectric t ransducer . Self-
tun ing was observed [27] at p u m p frequencies from 0.8 
to 2.1 M H z when the resonance curve of the t ransducer was 
40 k H z . It should be poin ted out tha t acoust ic flow induced 
by the p ropaga t i on of powerful sound in an absorb ing 
med ium did no t prevent self-tuning of the resona tor . 

Effective sound- induced self-tuning of a resonator , filled 
with a viscous liquid and coupled to a t ransducer , makes it 
possible to generate a s t rong ul t rasonic field at a frequency 
other t han the resonance frequency of the t ransducer , bu t 
equal to one of the na tu re frequencies of the t r a n s 
d u c e r - r e s o n a t o r system. Moreover , this frequency m a y 
be altered in a specific m a n n e r by self-tuning of the 
resona tor . This app roach is p romis ing for the const ruct ion 
of wide-band sources of powerful u l t r a sound with con
t inuous tun ing of the central frequency. 

3.5 Nonlinear thermal refraction under shock-formation 
conditions 
The first series of experiments [13, 17, 18, 28, 29] was 
followed by the work of other exper imental g roups [34, 35] 
confirming the main results of the theory [9]. This theory is 
the only one tha t makes it possible to analyse the results of 
invest igations of the self-action of u l t r a sound in liquids. 
These results showed tha t the pa rame te r s of a source of 
u l t r a sound and of a med ium, which can be one of the fairly 
c o m m o n liquids, m a y be selected so as to cross the self-
focusing threshold wi thou t act ivat ing other compet ing 
sound- induced effects. 

It is shown in Sections 2.1 and 3.2 tha t , in fact, only the 
use of an opt ical system for measur ing the pa rame te r s of an 
ul t rasonic b e a m makes it possible to reveal, after a 
reasonable number of measurements , the compress ion of 
a wave packet which occurs s imultaneously in space and 
t ime. However , even in this case the compet ing nonl inear 
processes limit the u l t imate self-compression capabilit ies. 

Invest igat ions of such processes represent a separate 
field of p rob lems which have been studied sufficiently in 
their pu re form. Exper iments on cascade generat ion of 
ha rmonics under the rmal self-action condi t ions [36, 37] 
are an example of a comprehensive approach . A detailed 
descript ion of the results obta ined is outs ide the scope of 
the present paper ; a p lan to review these results is 
ment ioned in Ref. [38]. 

4. Applications 
The results presented in Section 3.4, which summar ise a 
series of physical invest igations of the the rmal self-action of 

sound in liquids, suggest also qui te explicitly the appl ica
t ions of such nonl inear p h e n o m e n a . All the appl icat ions 
p resuppose to a greater or lesser extent the use of the main 
consequence of the effects described in Sections 2 and 3, 
which is the possibili ty of achieving — for a short 
t ime — control led concent ra t ion of acoust ic energy at a 
given depth and in a small volume. Moreover , the 
frequency of sound can be control led if a resona tor is used. 

4.1 Precis ion acoustic methods and ultrasonic devices 
W e must begin by ment ion ing first the high efficiency (in 
acoust ic experiments) of laser me thods , par t icular ly 
t ransient ones, for the visualisation of u l t rasonic beams . 
The progress m a d e in studies of the self-action of sound 
has been largely due to these par t icular me thods , which 
provide solut ions to the p rob lems of moni to r ing and 
cont ro l of the effects of sound on a med ium in real t ime 
and with high precision. It is therefore clear tha t laser 
visualisation m e t h o d s should be included in practical ly all 
stages of the development of appl icat ions . 

The investigated nonl inear effects provide , in turn , the 
basis for a series of high-precision and fast m e t h o d s of 
acoust ic measurements . The reliably established and 
clearly interpreted relat ionship between the self-con
centra t ion pa rame te r s (Sections 2.3 and 3.3) and the 
pa rame te r s of bo th the input sound and of the med ium 
m a k e it possible to apply a new me thod for the 
de terminat ion of the absolute value of the ampl i tude 
of the acoust ic pressure at acoust ic intensities from 
10~ 2 to 2 0 - 3 0 W c m - 2 t h r o u g h o u t the whole megher tz 
range [39]. The existing m e t h o d s can ensure tha t the error 
does no t exceed 1 0 % , so tha t the search for new 
possibilities is very topical . A na tu ra l setup would involve 
the p ropaga t i on of an acoust ic wave th rough a s t andard 
liquid in which the absorp t ion would fall with increase in 
t empera tu re and, therefore, it would cont ro l the intensity 
of the wave itself. The relative change in t ime in the 
pressure ampl i tude by a factor of K at a given distance L , 
measured in the direction of p ropaga t i on from the source, 
is an informative pa ramete r . The error of the me thod is 
est imated to be 1% - 5 % , depending on the precision with 
which the pa rame te r s of the s t andard med ium are 
determined. 

A bis table resonator , coupled acoustically to a t r a n s 
mit t ing t ransducer and filled with a viscous liquid 
characterised by a s t rong t empera tu re dependence of the 
absorp t ion of sound (described in Sections 2.4 and 3.4), 
m a y prove useful in acoustic t o m o g r a p h y systems where the 
main componen t is a precision u l t rasonic t ransducer . A 
further improvement in the qual i ty of such a resona tor 
t ransducer , extending the capabilit ies of t o m o g r a p h y , m a y 
result from the self-concentration effect, which can 
increase the focal spot contras t by one or two orders 
of magn i tude on the basis of the da ta given in Sections 
2.2 and 3.3). 

4.2 Biotechnology 
The strongly local na tu re of the control led acoust ic 
interact ion with a viscous med ium, ensured by the self-
action of u l t r a sound , has a t t rac ted the a t tent ion of those 
developing acoust ic m e t h o d s for b io technology. One of the 
examples is sound- induced format ion of memb ranes from 
lipids in a buffer solution [40]. The process occurs as a 
result of u l t rasonic insonat ion of a mixture and its 
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effectiveness depends on the type of the lipid, on the 
u l t r a sound power (typical values are P = 3 0 - 5 0 W) , and 
on the dura t ion of insonat ion (10 s - 5 min per 1 - 5 ml of 
the solution). F o r a given power , the average molecular 
mass of m e m b r a n e s (i.e. their average size) is governed by 
the t ime (energy) of insonat ion [41]. The use of the self-
action effects in a suitable buffer solut ion makes it possible 
to cont ro l the ra te of format ion of membranes , the spatial 
dis t r ibut ion and the mass . 

This cont ro l of m e m b r a n e format ion, which is the basis 
of a wide range of biotechnologies , should help in 
identification of the mechanisms of sound- induced forma
t ion of m e m b r a n e s and micelles which are no t yet 
unde r s tood . A decisive factor seems to be the m u t u a l 
a t t rac t ion of the lipid molecules in the field of local 
acoust ic flow (transient Bernoul l i mechanism) . A detailed 
investigation, which should be carried out , can be m a d e 
only by the m e t h o d s of local acoust ic interact ion. 

A typical b iomolecular med ium is indeed a h igh-
viscosity liquid solution. I ts ma in componen t is in the 
form of large molecules (which m a y be prote ins) tha t 
tend to form ordered s tructures in a certain t empera tu re 
range . Therefore, their acoust ic spectrum conta ins cha rac 
teristic re laxat ion- type bands . Such l iquid-crystal s t ructures 
are objects suitable for t rying out the acoustic self-
concent ra t ion effects. In fact, est imates show [42] tha t 
the t empera tu re derivatives of the velocity of sound, 
and, par t icular ly, of the absorp t ion in typical liquid 
crystals in the pre t rans i t ion t r ansparen t phase , are quite 
high, and the threshold condi t ions for the observat ion of 
the self-action of u l t r a sound can be satisfied. Therefore, 
nonl inear ul t ra-acoust ics of b iomolecular media represents 
a wide field for promis ing research by the m e t h o d s 
described in Section 3. 

4.3 Medicine 
In medicine it is necessary to app roach acoust ic appl ica
t ions with extreme caut ion: each appl icat ion requires a 
detailed investigation subject to specific limits. 

The his tory of acoustic t rea tment m e t h o d s in medicine 
extends over m a n y decades, bu t only after 1920, when 
P Langevin showed [43] tha t piezoelectric media can be 
used for the generat ion of u l t r a sound , did extensive 
appl icat ions of u l t r a sound begin to appear in medical 
diagnostics, therapy, and specific studies of the bioeffects 
induced by intense u l t rasonic waves [44]. The range of 
appl icat ions of acoustic m e t h o d s in biomedicine and clinical 
pract ice has since widened considerably. U l t r a s o u n d is 
being used successfully in the diagnost ics and f ragmenta
t ion of stones in hol low organs , in three-dimensional 
acoust ic t omography , in hyper the rmal t rea tment of cancer
ous t umors , in speeding up heal ing of b roken bones , and in 
m a n y other b ranches of t rad i t iona l medicine (see, for 
example, Ref. [45]). Ul t rason ic m e t h o d s and ins t ruments , 
based on fundamenta l progress m a d e in physical acoustics, 
m a k e it possible to diagnose the behaviour of biological 
objects and are used increasingly in clinical pract ice. This , in 
tu rn , makes it necessary to widen investigations of the 
mechanisms and quali tat ive features of the act ion of 
u l t r a sound on the s t ructure and proper t ies of tissues. 
Biological tissues are complex he terogeneous media which 
are strongly nonl inear and the nonl inear i ty applies in 
par t icular to the rmal and acoust ic proper t ies [46]. It would 
be desirable to employ nonl inear processes tha t appear 

dur ing p ropaga t i on of u l t rasonic waves in liquid media , 
because they m a y lead to new m e t h o d s which t ake account 
of the nonl inear behaviour of biological tissues. 

High-intensi ty u l t r a sound damages biological tissues by 
cavitat ion or the rmal effects, depending on the intensity and 
dura t ion of act ion of acoustic waves. The t rad i t iona l 
m e t h o d s for the concent ra t ion of u l t r a sound , even in the 
best focusing devices used in medical appl icat ions [47], are 
insufficient to establish a regime of an acoustic scalpel 
because the dimensions of the focusing region (at least 
several millimetres) are too large and because the s t ructure 
of this region is no t smooth (it is affected by diffraction). 
Therefore, the act ion of powerful u l t r a sound on biological 
tissues is limited to the action of pulses on solid nodules . 
This can be done by employing a focused bu t n o n m o n o -
chromat ic wave with its spectrum in the range h u n d r e d s of 
ki lohertz to several megaher tz . Such act ion has a very 
undes i rable influence on the su r round ing biological s t ruc
tures which are insonated by the side lobes of the angular 
dis t r ibut ion of an ul t rasonic beam. U l t r a s o u n d is used in 
surgery to ease the mot ion of a scalpel by vibra t ing it at a 
frequency of abou t 100 ki lohertz . U l t r a s o u n d m a y be used 
in resection of tissues in surgical opera t ions if s t rong 
focusing of an ul t rasonic wave, wi thout a diffraction 
s t ructure of the focal spot, and a sufficient intensity of 
the interact ion is ensured. 

The self-concentration of powerful u l t rasonic rad ia t ion 
makes it possible to focus an acoust ic beam in a region of 
t ransverse dimensions of the order of 0.1 m m wi thout a 
diffraction s t ructure of the focal spot (Section 3.3). Hence , 
it should be possible to construct a device capable of 
ensuring the action of high-intensi ty sound on deep layers 
in biological tissues wi thout damage to the surface layers. 
Ul t rason ic resection by this me thod would avoid the rmal 
b u r n s and mechanica l injury to the su r round ing tissues, and 
yet ensure control led local coagula t ion of b lood . The 
difference between the acoustic proper t ies of tissues should 
m a k e it possible to act selectively on different types of 
tissues. One could vary the geometr ic d imensions and 
localisation of a zone of high intensity of the u l t rasonic 
field, and to cont ro l the depth , length, and shape of a 
section and the ra te of cutt ing. 

One other possible field of appl icat ion is u l t rasonic 
reflection the rapy in one of the very few more or less 
successful b ranches of non t rad i t iona l medicine. I ts m e t h o d s 
reduce to the rmal action on surface tissues or mechanica l 
act ion on surface or deeper layers of biotissues in what are 
called biologically active zones. These zones have a 
dis tr ibuted s t ructure: the diameter of such a zone is 
0 . 2 - 2 m m and its depth m a y exceed 1 - 2 cm. It is there
fore obvious tha t m e t h o d s have to be developed for 
concent ra t ing the act ion within the whole vo lume of a 
biologically active zone. These m e t h o d s should provide 
means for altering the geometr ic pa rame te r s of the inter
action region, and for the cont ro l of the intensity and 
dura t ion of such act ion. The solution m a y include, in our 
opinion, nonl inear m e t h o d s for the cont ro l of u l t r a sound 
described above if supplemented by detailed b iomedical 
investigations. The self-concentration of u l t r a sound of 
frequency of the order of 10 M H z satisfies fully the 
localisation requi rements . 
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5. Conclusions 

The acoustic p h e n o m e n a described above appear mos t 
clearly in quas is t ruc tura l l iquids whose physical proper t ies 
depend strongly on the kinetics of the inter molecular 
b o n d s . It is therefore na tu ra l to concent ra te on nonl inear 
acoust ic p h e n o m e n a , so tha t the proper t ies of systems of 
these b o n d s in var ious liquid media are determined. In view 
of this, aqueous solut ions of molecules which form 
hydrogen b o n d s with the H 2 0 molecules deserve the 
closest a t tent ion from the physical and the biophysical 
(discussed above) po in t s of view. On the one hand , such 
solut ions have striking nontr iv ia l proper t ies : they split into 
layers, because of the format ion of long-lived associates, on 
increase in t empera tu re (see, for example, Ref. [48]) and 
no t the other way round , as is typical of l iquids. The 
considerable role of the en t ropy effects in the format ion of 
b o n d s is responsible for their active par t ic ipa t ion in 
biological processes. Theoret ical dynamics of such liquid 
media is essentially limited so far to phenomenolog ica l 
t rea tments , and approaches to the development of models 
of separat ion into layers with increase in t empera tu re have 
simply been suggested [49]. On the other hand , it is the 
presence of b o n d s tha t (as po in ted out above) is responsible 
for the s t rong t empera tu re dependence of the acoust ic 
pa ramete r s . This in tu rn appears in the acoust ic self-action 
effects. Therefore, de te rminat ion of the pa rame te r s of these 
effects is an essential and in our opinion promis ing pa r t of 
the investigation of the physics of associated liquids. 
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