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We calculate the efficiency of the Brillouin mechanism for the excitation of oppositely
directed hypersonic waves by optical pumping, when the pump spectral width exceeds the
Stokes frequency shift. This is shown to decrease the threshold for hypersonic

cavitation of liquids. We describe an experiment on hypersonic cavitation. Basing on the
theoretical results, we estimate the decrease in threshold optical intensity for cavitation in the
transition from narrow-band to broad-band pumping. The estimate is in conformity with

the experimental data.

1. INTRODUCTION

The theory of stimulated scattering of light by material
modes of different nature has been developed in consider-
able detail, including the effect of finite pump width A A2
Clearly the characteristics of the process are decisively de-
pendent on the relative magnitudes of A and A,, Qy, w,,
where A, is the inverse relaxation time of the scattering
mode; (), the natural frequency of this mode; w,, the
frequency of optical pumping. For the Brillouin mecha-
nism, which is the strongest one in the majority of liquids®
and which will be the main subject of our analysis,
A,=T¢=(£+41/3)¢*/p=10"-10° s! is the inverse hy-
persound damping time (§ and 7 are the bulk and shear
viscosities; p is the density of the liquid; g=Qy/v is the
wavenumber; v is the speed of sound). As for 1, (the
Stokes shift of the scattered light frequency, which is equal
to the frequency of the hypersound produced), its value
depends on scattering geometry, and we have
Qp=vw,/c= 10°-10'° s~! in the backscattering geometry,
which is most efficient. In the transition from virtually
monochromatic (A, <A,) to more broad-band
(A,<A, <w,) pumping, stimulated Brillouin scattering
efficiency decreases in general, although some special fea-
tures show up, for instance, a mean-energy threshold asso-
ciated with steep growth of the Stokes wave intensity. On
the other hand, the scattering wave diagram does not
change. The pumping excites the oppositely directed
Stokes wave and the copropagating hypersonic wave (see
Ref. 1).

With further increase in A, <A, <w, the wave
pattern itself of the interaction should become more com-
plicated. Nonlinear beating of each w-component of the
pump with  the oppositely directed  Stokes
(0—9Qg)-component excites the copropagating hypersonic
Qg-component. The Stokes (w— 2y)-component (quite in-
tense, when the pumping is over the threshold level, which
is the necessary condition for the onset of the process in
question) in turn can excite oppositely directed hyper-
sound at the same frequency (), when interacting with the
(0—2Qp)-component of the pump (broad-band by as-
sumption). Excitation of such a quasistanding hypersonic
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wave can, in particular, lower the threshold for light-
induced cavitation in liquids.

The efficiency of quasistanding hypersonic wave exci-
tation in the process of stimulated Brillouin scattering for
A, >, is calculated below using a two-wave generaliza-
tion of the approach of Pasmanik,* which was applied in
the analysis of nonlinear effects in broad-band optical ra-
diation. This extension is also applied to describe scattering
of broad-band pumping by a diffusive-type material mode
for the example of stimulated temperature scattering.

2. TRANSFORMATION OF SPECTRAL INTENSITIES OF
OPPOSITELY DIRECTED OPTICAL WAVES IN STIMULATED
BRILLOUIN SCATTERING IN A BROAD-BAND PUMP

FIELD

The starting equations for the description of stimulated
Brillouin scattering are

n*3yE— '3 E= — YBA,(pE),
3p— 3y (V*p+Tdp—Y|E|*/8mp) =0,

where E is the electric field strength, p is the sound pres-
sure, n is the refractive index, Y= pde/dp is the nonlinear
coupling parameter, and SB,=( pvz) ~1is the compressibil-
ity of the medium. For the backscattering geometry, the
solution of (1) is represented as a superposition of oppo-
sitely directed optical and hypersonic waves:

E=(E,/2)exp(—ikx)+ (E_/2)exp(ikx)+c.c., 2

(D

p=(p,/2)exp(—igx)+ (p_/2)exp(igx)+c.c.,

here we have written g=Q¢/v and k,;=nw,/c, w,, Qo
are the central frequencies of the pump, scattered wave,
and hypersound spectra, respectively. Firstly, we assume
that the quasimonochromatic approximation is valid even
for Ay >Q: w, >A., where A, are the spectrum widths
of the pump wave (x= —1/2) and the Stokes wave (x=1/
2, where / is the length of the scattering volume) incident
on the medium. Secondly, we adopt the approximation of
strong hypersound damping:

al=Tq*/2v> 1,

© 1993 American Institute of Physics 549



which holds in most liquids (the typical values of a are
~10°-10* cm™!). This permits equations to be derived for
the Fourier-components of the slow amplitudes (2) of the
optical field £, () from (1):

(32722k/0*qY*vB,) 3,E , (®)
- j rw do'dQE , (") E* (o' — Q)

XE . (0—Q)/[200—i(Qg—Q)]

+ o0

—ff dw'dQE (o) E ., (0+Q)

XE% (o' +Q)/[2av+i(Qo—Q)] 3)

(by virtue of the inequality w,>A,>Q, we set
k,~k,=k). Thirdly, we assume that the spectrum has
Gaussian statistics,

cn(E_ (0)E;(0"))/87=s5,(0)6(w—0").

This makes it possible to uncouple the fourth-order corre-
lators when averaging (3):

+ (men®/kqav*Y?B,)3,s .

= [ a0 s (0—0) —s5. (0+ D)1/

- o0

X [(2av)*+ (Qo—Q)*]. (4)
Finally, the basic assumption
dlns, (0)/d0<Qy "

allows us to restrict ourselves to the lowest-order terms in
the expansions:

s, (0xQ) =5, (0) 00,5, (0).
As a result, Egs. (4) go over to the system
S,=(n"3c"gkvY?B)s,, X=x/, W=(0—0,)/Q
after the normalization

0xS,.==+S.0pS+. (5)

The boundary conditions (X=—1/2, X=1/2), are im-
posed at the opposite ends of the medium, which is the
main difficulty in analyzing (5). We assume for definite-
ness that

S (F1/2,W)=5° exp(— WY/ D). (6)

Returning now from (4) to (1), we obtain that the inten-
sities of the hypersound waves

T o= |Pi|2/2pv
result from direct integration (in the dimensional vari-
ables):
+
Yi(x)zﬂq2Y2/4n2c2paJ. dws , (0,x)s. (0—Qg,x).
- (7

Equation (5) has an infinite number of integrals:
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EW f dolnS, =3y f do(S, —S_)

=6XJda)(Si—4S+S—+S2_)...=0.

Formally, it can be exactly integrated by the hodograph
method, however, it is hard to extract the desired quanti-
tative output from the resulting integral equations.

Let us linearize (5) in the variables In(S,/S% ). This
approximation is less artificial than assuming the field to be
given, and allows partially for pump depletion. As analysis
shows, it is very accurate when describing the energy-
carrying central regions of the S spectra, but becomes less
so in the wings of the spectrum, which contain a small
fraction of the energy. This is a special analog of the
“paraxial” approximation in the description of the diffrac-
tive spreading of beams. The solution of Egs. (5) linear-
ized in this way gives (in dimensional variables)

s, (£1/2,0)=5% exp[rFGi—(w—cop-i-Si)z/Azi].
(8)

Here
G, =5"5% (1—£) (A, Qy/SA% )?

are the amplification coefficients,
5.=020y/8)(A,/A,)?

are the frequency shifts, and we have written
E=(" /) (AL/AL)Y, S=cn*/gkvYBlL.

Thus, stimulated Brillouin scattering of a broad-band
pump (A .>Q) does not alter the spectrum widths of the
pump and the counter wave. The spectra undergo a shift as
a whole to the Stokes region by 6. (Fig. 1). If
s(i >0 (A +/A_)4 (£<1) holds, then the laser radiation
energy is transferred to the oppositely propagating signal
with growth rate G_~(I+l)2, where 1, =5 A is the
pump intensity. In this case, the shift of the backward
signal spectrum is larger than the shift of the pump spec-
trum:

5_/6,=E'>1.

Now the conditions for validity of the linear approximation
in In(S,/5%) can be specified:

8, <min(A, ,A_).

Note that this linearization preserves the integrals [ dw
In S, for any relation between A, and A_. The other
integrals are preserved with higher accuracy as the ratio
A /A _ approaches unity.

3. HYPERSONIC CAVITATION IN A BROAD-BAND OPTICAL
FIELD-EXPERIMENT

In this experiment, (with the layout of Ref. 5), a XeCl
laser was used (4=308 nm, pulsewidth 7=20 ns, energy
up to 50 mJ) with oscillation linewidth of 15 cm™ ) ie,
considerably larger than the Stokes shift (0.1 cm™!). The
pump spectrum could be narrowed down or, more pre-
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cisely, thinned out. Two lines were obtained of width <0.1
cm™! with a frequency interval of ~0.7 cm ™. The pulse
energy in this case was ~ 10 mJ.

A laser radiation pulse was directed using lenses to a
cell containing the liquid being investigated. Once a certain
intensity Iﬂ_ =1I,, was obtained, the liquid cavitated along
the length of the waist: tracks emerged, consisting of float-
ing bubbles. As this took place, the beam cross section
increased abruptly (by approximately a factor of five) due
to scattering from the bubble track. Concurrently with cav-
itation, a backscattered signal appeared with an intensity
I_~0.11,. At the same pumping intensity (and even at
intensities one or two orders of magnitude higher), cavita-
tion was absent if the spectrum was thinned out. In this
case, the backscattered signal intensity was I_<I°,.

A thin cell with a fluorescent screen behind it was used
to study the dynamics of bubble formation. The cell thick-
ness was 20 um, i.e., much less than the waist length. Once
I, was attained, cavitation bubbles appeared along the
whole beam path in the cell. The bubbles were imaged on
the fluorescent screen along with the accompanying spher-
ical waves. The image on the screen corresponding to cav-
itation appeared during the course of the laser pulse, i.e.,
the bubbles had a chance to form over an interval of <20
ns. Such rapid growth can be explained in the frameworks
of the bubston-cluster model of gases dissolved in a liquid.®

The experimental parameters for the observations of
cavitation in water were: I =s% A, =10*-10° MW/cm?
(in the waist of the beam), /=0.5 cm, A, =3 1012 s™L
wy=6" 10:5 s~ Qg=2" 10'% s~!. Under these conditions
we have S~2-10"2% J/cm?, s‘l:0.0l—l J/cm?, and £«l,
since the spectral power density of the seed of the Stokes
wave is small, s° <S(-)+- The spectrum shift of the scattered
wave is less than the pumping spectrum width (§_<A,)
at (A_/A+)<(A3+S/Qoav)1/2= 1-10. Hence, we have an
upper bound for the scattering growth rate, G_<0.1-10.
Note that the scattering growth rate for monochromatic
pumping under similar conditions is

Gn=1" /4avS=G"*(A /45 _Qoav) ~10°-10°,
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FIG. 1. Spectral densities of the pump S and the backward
wave S_ at the output (x=1/2, solid lines) and the input (x=
—1/2, dashed lines) of the scattering medium at % =1
J/em?=3, §=2-10"2 J/cm? A, /Qy=A_/1.50,=100,
(6,=15"10"2 G_=5.6-10"", §,/0Qy~6, 5_/Qy=~100).

i.e., much greater than G_ . Indeed, in the experiment, the
ratio of the pumping intensity and the backward wave in-
tensity was a few tens of percents in monochromatic light
scattering and no more than a few percent in scattering of
a broad-band pump.

4. CALCULATION OF HYPERSOUND INTENSITY AND
EVALUATION OF THE CAVITATION THRESHOLD

To estimate the feasibility of inducing cavitation owing
to this effect, we shall calculate the intensities of the oppo-
sitely propagating hypersonic waves for the point x=—1I/
2, in whose vicinity (x,,—I/2=(al)"'=~10"2-10"3«1)
they have maxima. It follows from (7), if (8) is accounted
for, that

T (=172) =723V (A L A_)*/4(cn) P pa
X (A% +A2)12%0 0
Xexp| (s?,_A_Qo/gAi)z( 1-§)
— Q3 A2 /AL S F 1DY/(AL +A%)], (9)

the hypersound linewidth does not change in a broad-band
field and is A,=T'¢’. The ratio of the intensities of the
forward and the backward hypersound is thus equal to

T _(=l/2)/T (—=1/2)
=exp[ —4s° Q3/A% (A% /A% +1)S]; (10)

it tends to unity with pumping spectrum broadening (Fig.
2). For the conditions of the experiment with water, an
estimate follows from (9):

T _(=1/2) =T (=1/2) = (10>-10%) (I° /I%,) W/cm?,

where I° /I° is the ratio of the pump and the initial noise
intensities at the rear wall of the cell. The spread in the
estimate is associated with the possibility of varying the
conditions of pump beam focusing (the length and the
radius of the waist) and reflection.
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X_(~1/2)/9 (~1/2)

0,84

0.4+

The experimental value of the cavitation threshold for
the hypersonic (gigahertz) range investigated is unknown.
For ultrasonic frequencies (the Megahertz range) it is
T =1 W/cm? (Ref. 7). The approximation of nearly qua-
dratic growth of the minimum (for cavitation seeds with
resonant dimensions) threshold value of 7, with fre-
quency growing in the hypersonic range gives
e c(ﬂozlow Hz)>1 MW/cm?, exceeding the intensity
T n=1073-10° MW/cm? of the hypersound generated in
the experiment with a thinned out pump spectrum. A qual-
itative explanation for the appearance of cavitation in the
weaker field of a standing hypersonic wave
(7 +~10"%-10"2 MW/cm? if I° /I° ~10~2) may be
given by invoking the concept of the cluster mechanism of
nucleation:® the gas bubbles (Ry=~ 104103 cm) ob-
served in the experiment are formed by the coalescing of
clusters of stable microbubbles-bubstons (R~ 1077 cm).
The ratio of the forces of radiation pressure acting on a
particle of small radius (gR)<1 in standing (7 ,) and
traveling (J7,) acoustic waves ranges from
(74T )(gR)™' for compressible bubbles to
(T /T ) (gR) 3 for the model of incompressible particles
whose density is equal to the density of water.® For the
model of Ref. 6, (gR,) ~1072, so cluster coalescence pro-
ceeds more efficiently in a standing wave than in a traveling
wave in the limit 7 /.7 ,=7 /7 ,,>1072-10~%, depend-
ing on compressibility of microbubbles. The calculated
value of 7 . /.7 ,,=107>~1072 falls just within this range.
Apparently, a more detailed calculation of bubston cluster
coalescence threshold requires that the dependence of bub-
ston compressibility on frequency and their interaction po-
tential be included.

Note that this explanation of cavitation of a liquid in a
broad-band pumping field differs from the theory of Ref.
10, where the effect is ascribed to induced optical coales-
cence of clusters due to short (of the order of several pi-
coseconds) energy spikes resulting from multimode inter-
ference. The amplitude of these spikes may be considerably
greater than the mean energy in a pulse and higher than
the induced optical coalescence threshold. However, the
appearance of giant spikes is a stochastic process, there-
fore, cavitation should be expected to be sporadic. But in
the experiment the cavitation was quite regular. Investiga-
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FIG. 2. Ratio of the backward and the forward hypersound
intensities as a function of the relative spectral width of the

pump.

tion of the effect of laser pulse energy fluctuations on cav-
itation should be a subject of a separate work.

5. STIMULATED SCATTERING OF A BROAD-BAND PUMP
BY A DIFFUSIVE MATERIAL MODE

The universal form of the reduced elliptic system of
Eq. (5) describing variations in optical field intensities in
the process of stimulated Brillouin scattering is indicative
of their wider applicability (provided that the obvious gen-
eralization is made). Indeed, the same equations describe
stimulated scattering by diffusive modes like the thermal
mode. Generally speaking, the characteristic shift is con-
siderably smaller here than under the action of wave-
scattering mechanisms. Therefore, the approximation pro-
posed in Sec. 2 is more accurate here.

The original equations for the description of stimulated
thermal scattering of light, allowing for thermal nonlinear-
ity light wave (in the plane-wave approximation) are:’

(¢/nwy)?d E+E=—2yTE, ()

8,1 —x3%T —x V2 T=(8w8y/ (cn) pc,) | E|*

Here, T is the light-induced increase in the medium tem-
perature =4 In n/3dT, x is the thermal diffusivity, and c,
is the heat capacity. For oppositely directed optical waves
(2) with frequency wy (here the frequency shift in the
basic approximation is set to zero, k,=k,=k=wgn/c) and
a temperature grating

T=Ty+T, exp(—2ikx) + T¥ exp(2ikx),

we average (11) over a spatial period 27/k. Under the
assumption that a uniform temperature profile is estab-
lished primarily due to transverse diffusion
()(Vf Ty~ (x/a*)T,, where a is the pump beam radius,
a<l) and the spatial modulation of temperature T is
bounded by longitudinal diffusion (x0T
~x(k/2m)T,), this gives reduced equations for E, T,
(i=0, 1):
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OE, = Fi(nwyy/c)(E.To+E.T,),
9.T i+ AT ;= (87w8y/cnpc,) [80( E, E* +E_E*)
+6ELE*]
2

(here &; is the Kronecker symbol and A%=ya~?
A}= x(a‘2+(21r/k)_2) are the inverse relaxation times
for Ty and T,). Further, for the equations for the pump
and the backward wave spectral intensities, under the as-
sumptions made above we have

g5, (@)==F (ncooy<50/4‘n'3cpcl,)si (w)

X

f+°° Qs, (0—Q)dQ/(Q2+ (A%)?)

X f“ Qs (0—Q)dQ/(Q2+ (A1) |.

In the broad-spectrum limit, dln s, (w)/dw<(A%!), we
again retain the lowest-order terms in the expansions
S, (0—Q) =5, (0)—0d,5,(w), and make the substitu-
tion

Q/(Q2+ (A%)2) 5 w8 (Q— A" — 78 (Q+A%Y).
As a result, we obtain the equations

xS, =8, [(AY/A)IpS , +0pS.] (12)

with boundary conditions (6) for the normalized spectral
intensities

S.= (kw0y801/41r2cpcp)s 4

in the coordinates X=x// and W= (o —w,)/ A(,’” .

If 5% /8° <(ka/27)?% then stimulated scattering pre-
vails, and the variations of the spectral intensities are de-
scribed by the system (5) as well as in stimulated Brillouin
scattering. This is valid, of course, only if the pump spec-
trum is broad enough: A, >Q, and A, > A% respec-
tively. If S‘l/S‘l > (ka?/2m)?, then the thermal nonlinear-
ity of the pump dominates, and Eq. (12) gives a single
equation of the “shock-wave” type.*

6. CONCLUSION

Thus, the integrable nonlinear equations obtained in
Secs. 1 and 4 describe transformations of the spectral in-
tensities of a broad-band pump, S, and an oppositely
directed optical wave, S_, in a nonlinear medium for both
reactive (A > Q, stimulated Brillouin scattering) and ac-
tive (A, > A,, stimulated temperature scattering) interac-
tion mechanisms. The broad-band character of the pump-
ing alters the wave diagram for stimulated scattering,
namely, two oppositely directed hypersonic beams are
formed (with their spectral width remaining the same,
~2av), the intensity ratio 5 | (—1/2)/7 _(i/2) of the
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forward and the backward hypersonic waves increases with
the pump spectral width A growing according to the law

In[T _(=1U/2)/T (=1/2)] ~ — (Qy/A})?

and, as the estimates show, it becomes almost equal to
unity under experimental conditions typical of liquids.
The pump and the backward wave spectra retain their
initial Gaussian shape and shift as a whole toward the
Stokes region. The backward wave frequency shift,
8_~s% , is an order of magnitude larger than the pumping
spectrum shift, 6 ~s% , and is (50-100) Qg under typical
conditions.’ The scattering growth rate grows according to
the quadratic law with the length / and the intensity
I%. =s% A, increasing: G~ (I%1)* (G,,~1I%I for a mono-
chromatic pumping) but decreases with the spectrum
width A increasing as G~ (A +/QO)“Z. A typical esti-
mate gives G_~0.01-10, which is one or two orders of
magnitude lower than G,,. The estimates show that hyper-
sonic cavitation of a liquid is excited more efficiently by
stimulated scattering of broad-band light, since the stand-
ing hypersonic wave is comparable in its cavitation effi-
ciency to a traveling wave whose intensity is from two to
six orders of magnitude higher, depending on the elastic
properties of the bubbles. Our calculation gives

T _(=1/2) =T ,(—1/2)<1072 MW/cm?,

which is two or three orders of magnitude lower than the
intensity .7 ,,(—1/2) of hypersound excited by a mono-
chromatic pumping of the same intensity.

The theory presented in Secs. 1 and 4 is also of interest
for the phenomenologically similar processes of stimulated
scattering of sound by diffusive material modes.’ This ef-
fect has not yet been observed because of strong competing
processes (shock wave generation, self-focusing, sound-
induced fluxes). Additional prospects associated with the
use of a narrow-band probing sound wave are attractive
here (Egs. (9) and (10) for A_<A.).
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