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Theory of sound amplification by stimulated emission of radiation
with consideration for coagulation
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The theoretical scheme of sound amplification by stimulated emission of radiS#®®ER is considered.
Liquid with gas bubbles serves as the active medium. The pumping is produced by an alternating electric field.
Phase bunching is realized by acoustic radiation forces. The influence of a coagulation of the bubbles on the
SASER operation is considered. Generation conditions are found analytically. The nonlinear stage of SASER
operation and the saturation mode are investigated by numerical methods. The emission of a SASER in steady
state and the direction pattern for a SASER are considé¢g8dd63-651X97)03607-9

PACS numbeps): 43.25+y

[. INTRODUCTION result, the emission becomes coherent. This leads to the am-
plification of the electromagnetic field.

At the present time there are many types of lasers— It should be noted that alternative theoretical schemes for
devices generating coherent electromagnetic waves at tHeASER’s were suggested in a number of earlier papers. For
sacrifice of the stimulated emissi¢or scatteringof light by ~ instance, mode self-synchronization and acoustic field ampli-
an active medium. The existing lasers cover a wide wavefication by a gas-liquid mixture were theoretically considered
length range—from ultraviolet to submillimeter. However, to by Kobelev, Ostrovsky, and Soustowt al. [7] using a
our knowledge acoustic analogs of such devices have ndpodel of incoherent mechanical monopole oscillators for the

been created up to now despite the progress in laser technélas fraction. Sound oscillations in the Helmholtz resonator
ogy filled with a supercooled vapor were investigated by Kotusov

Meanwhile, a problem of creation of an “acoustic laser” and Nemtsoy8]. The energy liberation in that system results
(which wil be, referred below as a SASER—sound arnplifi_from the fact that condensation proceeds more actively than
cation by stimulated emission of radiatjas of great interest evaporation. A part of this energy is spent on the amplifica-

because of a variety of potential applications of such device tion of sound. However, the schemes for SASER's suggested

i 3n these papers have not been realized in practice due to
As generators of shock waves, they can be used for impagha i self-synchronization

action on underwater_and air object_s, in mgdical applications In the case of ordinary piezoelectric emitters which are
(such as the destruction of stones in the kidhegt. _usually used in the generation of ultrasound, only a working
Recently a theoretical scheme of a SASER with electricgyrface emits and, consequently, such devices are two-
pumping was proposed in a number of papers by the prese@imensional system, systems. The SASER differs from the
authors[1-5]. A liquid dielectric with uniformly distributed  apove system particularly in that it is a three-dimensional
dispersed particles was suggested as an active medium. Diystem, because the whole volume of an active medium is
ferent types of oils as well as routine distilled water can beemitted.
used as a liquid dielectric. Gas bubbles resulting from elec- The scheme of a SASER with pumping by an electric
trolysis can serve as dispersed particles. Pumping is excitdikeld, as well as the generation conditions, were investigated
in an active medium, leading to periodic pulsations of dis-by Zavtrak[1,2]. It was shown that two types of losses must
persed particle volumes. The initial distribution of the par-be overcome. The first type is caused by energy dissipation
ticles is spatially homogeneous. As a result, the waves emiin the active medium, and the second by radiation losses on
ted by particles are added to the different phasesthe faces of the resonator. However, in the case of electric
Consequently, the resulting pressure of the useful wave ipumping the amplitude of the electric figland hence pump-
equal to zero. ing pressurgis limited by the value of the electric puncture
However, for the active medium in the resonator, anintensity of liquid dielectrics. This limitation can be pre-
acoustic mode can be excited. Then the particles can beented by the use of mechanical pulsations of the resonator
bunched due to acoustic radiation forces. This leads to selivalls. The generation conditions for SASER’s with plane
synchronization of the oscillating particles, and to the ampli-and cylindrical resonators and mechanical pumping were
fication of the useful mode. The suggested scheme of thevaluated3—-5]. Analysis of the impact of the continuous
SASER is analogous to the free-electron lageL) [6]. In  distribution of bubbles by radii on the SASER operatiéi
FEL theory the electromagnetic emission is created by elecshowed that in this case bubbles with a resonance cyclic
tron beams moving through magnetic periodic systemsfrequency are of crucial importance in the amplification of
These systems are called undulators or wigglers. Undulatotthe applied mode.
play the role of pumping. Initially the emission of electrons In the above-mentioned papers it was assumed that the
is not coherent, but the electrons become grouped due fteviation of the spatial concentration of bubbles and useful
their interaction with the applied electromagnetic wave. As avaves were less than the initial concentration and pumping,
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absorption constant. The quantityr,R,,t) is the distribu-
4 tion function of the particles by radin(is equal to the num-
ber of bubbles with mean radii froRR, to Ry+dRy in a unit
of volume in the vicinity of pointr). The initial concentra-
3 _o © ! tion of the bubbles in liquid is spatially homogeneous
e} o) (n=ng, a=aq, and B=By).
54— o 2 o —s 5 Equation (2) describes the translational motion of a
o bubble. HereU is the translational velocity of a bubble,
P=Pcexp(wt)+P’ is the resulting pressurgtatic pressure
! is skipped acting on the bubbles, arg=4p,u,»?R,, where
m and p; are the viscosity and density of a pure liquid,
FIG. 1. Scheme of the SASER with electric pumpiti.Walls ~ respectively.

of sound resonator(2) Active medium(liquid dielectric with gas Finally, Eg.(3) is the balance equation of the number of
bubbles(3) Gas bubbles4) Electromagnetic system which creates particles in a unit of the phase voluni€rdR,. The right-
the periodic electric field(5) Sound emission. hand side of Eq(3) represents the integral of collisions,

which involves the spectrum changes of bubbles under co-
respectively. In the present paper we argue against this aagulation;l ;, described by the arrival of the bubbles from the
sumption, considering SASER operation for all time. In ad-source(it might be an electrolysis, for instangehe quantity
dition, to obtain more realistic estimations, in this paper we
shall analyze the role of coagulation of bubbles. To simplify * , , , ,
the calculations, we restrict our consideration to the case of a 12==n(Ro) fo N(Ro)a(Ro.Ry)|U(Ro) ~U(Ro)|dRo,
SASER with electric pumping and equal bubbles. 7)

II. BASIC FORMULA gained by the departure of the bubbles from the environs of

. . o Rg; and the quantity
The scheme of a SASER with electric pumping is shown

in Fig. 1. The active medium is placed between two planes. 1 rr, R3
The radiation propagates along thexis, andL is the length |3=§f n(Rp)N(Ry) o(Ry, Ry) [U(Rp) — U(Ry)| (Rn)zdRé
of the resonator in this direction. 0 0

The dynamics of the gas-liquid mixture is described by (8)
the following set of equationgd]: described by increasing the number of the bubbles formed
1 2P’ from the bubbles of smaller size. The raé} and Ry are
AP'— — —Z (a+iB)P'=(a+iB)Peexpint), determined from the law of conservation mass of a gas in the

bubble. In Egs(7) and (8), o is the cross section of colli-
(D) sions of two bubbles with mean raddi, andR, determined

£U=(ReA)V|P|2— i (ImA)(P*VP— PYP*), @) by the following expression:

5 47k, k=0 g

n - =

—rHdivnU) =1+ 15+ 15, (3) olU(Ry) ~U(Ry)| 0, <0, ©
The first equation describes the sound pressure Wavvé/here

propagating in the active medium. Herg,is the velocity of w2 w2

sound in the pure liquidPg and w are the amplitude and (Ry+Ry) (71_1 <_§_1 +5152}

frequency of the pumping, respectively; aRd is the useful w w |P|2

pressure wave. The quantitiesand 8 are described by fol- Jloi o Lllfer Vo :

lowing expressions: Supwt|| o= 1] +a1|l| oz l) +6;

a=a(r,R0,t)=—4wfo (RAIN(LRo.DARy, () oy w; and & (i=1 and 2 are the proper frequency and

absorption constants of the bubbles, respectively.
o In view of complexity to analyze sdfl)—(3), we accept
B=B(r,Ro,)= _4Wf0 (IMA)N(r,Ro,)dRy,  (5)  some simplifying assumptions; that is, we will suppose that
all bubbles have an equal radily greater than the proper

where radius corresponding to the pumping frequencyThen one
can neglect the influence of the merged bubbles on a sound
Ro field. At that1;=0 and expression$4), (5), and (7) are
A= (a)(Z)/wz)—_lJrig (6) easily calculated. Finally, we will consider only one-
dimensional solutions of Eq$1)—(3).
is the scattering amplitude of sound on a bublalg,is the Let us represent pressuRr as P’(t,z)=P(t)exp(wt).

proper frequency of the bubble with radiRg, and é is the  Applying Bogolubov-Mitropol'sky’s averaging methdd 0]
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to Eq. (1) over the high-frequency component e, and After multiplying Egs.(14) and(15) by cos z and aver-
substituting Eq(2) into (3), one can obtain aging them over, we reduce this set to the wave equation
92 +w2 2iw 4 P —4nAn(PLP 1 w? ) 2iw d\dPg
72t F T ) P T AmANP TR, (11a o7 K ATANY T G a
o o 47 AngkZP2
on 19 — P —oP* _ LY E A% %
.- * O =———(A*Py+AP})
— +§az(n{A (Pe+P*)——+A(Pg+P) — ) 3
2 .
— 2iw d
8mRyN?|Pc+ P|? + O K2+ _ae s
. 0 w|2 E 2| _ 19 2yPg i k2+4mAn, 7 )P
2[ | 20 2
Bupie (w2 1) +o — 4w APz yg(Po+ PY). (18
lIl. ANALYSIS OF EQUATIONS IN THE INITIAL STAGE In_ de_riving this equgtion, it was tal_<en into2 agcount that
OF GENERATION the |IQUId gaS content Is Sma", |.&YO+|180|<LO /C| .

Let us represent the solution of E({.8) as
In the initial stage of generatiaft smallt), we will seek

the useful mode in the form of a standing wave, Po(t)=ATexplio’t) +A exp—io' t),
P(z,t)=Po(t)cok, z, (12 wherew' is a complex quantity. Then, with the proviso that
Sl At .
with k,=7m/L,m=1,2,.... Letn’(r,t) be the deviation |A”|<|A"] [2]. one finds that
from the initial distribution functiom,, i.e., 2, 2
Rew'~— —| < I+ 4mnoReA _ e
n(r,t)=ng+n’(r,t), (13) 20\ c? Tt 0 -2
and |n’|<ng, and |Pg|<|Pg| [1,2]. Substituting Eqs(12) c2( 2 [4w|A|2P2k2n
and(13) into Egs.(11a and(11b), and linearizing of these Mo’ ~ — _'[ E?L O
equations oven’ and P, gives the following: 20| S 0| &
w? 2iw d w?
Elz——kf+47rAn0——Cl2—a PoCOk, Z —2yPe C—Iz—kﬁ+2wnoReL\ +4mnglmA
=—4m7APg(ng+n’), 14 4ywPe
e(No+n’) (14 » 272 ] 19

' k’noPe

The real part ofw’ defines the frequency shift between
the pumping frequencwy and the proper frequency of the
resonatorw; =, \/k2L+ ao; the image part defines the incre-
ment of the useful wave amplification. One can seen from

+ ’y(n0PE+ 2PEn, + no( P0+ Pz; )COS(LZ) (15)

where Eqg. (19 that generation takes place whénp>0, and
SWRonoPE
L w5 \? P.=P._~ - V2 p 6w?~ i\/2 56, w°
3,U«|P|w2 w_g_l Ty E= Fsf Wﬁ MIpow k, MpjooL @™,
S o

The solution of Eq(15) has the form (20
, _ I+ ynoPe The quantityP, defines the startin¢threshold pumping
n(z)= 2Pcy [exp(2Peyt) — 1]+ na(t)cosk 2. pressure for the beginning of generatiph?2]. The right-

(16)  hand side of Eq(20) involves only the member associated
with the sound energy dissipation in the active medium, but
The first item in the right-hand side of this expression demgt the member attributed to the radiation losses on the faces
scribes the change of the total number of bubbles in a unit off the resonator. This is due to the fact that, for simplicity,
volume. This takes place due to the Coagulation and SOUrCghe useful wave was chosen in the form of a Standing wave
The latter representS the Spatial redistribution of bubbles Ul'borresponding to the abso|ute|y valid reﬂecting walls of the
der acoustic radiation forces. The quantity can be found resonator. Thus the generation conditions are equal to those
from the equation as follows: obtained in the previous papdfs-5], and are accurate to the
dn. K2n.p nurr:jgr_ical ?oeff;‘cient. It shouldft])te nqtedltﬂat the .thrgshﬁld
2 _PL0TE ik * * conditions for the generation of fractional harmonics in the
dt - ¢ (A*Pot APG)Fyo(Pot+Pg).  (17) resonant fluid-filled cavity were observed experimentally by
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Adler and Breazealgl1]; in this case the problem associated 10 -

with the nonlinear effects under resonator wall vibrations
was considered.
120 |
IV. SASER OPERATION IN NONLINEAR MODE
Now, let us analyze Eq$11g and(11b) for all time. We 100 |
will seek the useful mode in the same form as above and the
concentration as —_
&‘” 80 |
n(z,t)=C(t)+D(t)cok, z. (22 as
[}
Let us substitute Eqg12) and (21) into Egs.(113 and é 60 [
(11b), and then average Eqélla and (11b) with weight S
function 1, and Eq(11b with weight function cok z over B wl
z. As a result one can obtain the set which describes a non- 5
linear wave propagating in the resonator, and the change of
the spatial and total concentration of the bubbles: 20
O =i ) P AC—4nPAD, (22 -
@ KT G| Po= ~47Po mPeAD, (22 ok
1 " 1 " 1 L 1 " 1 L 1 L 1
dc y D2 c? 3 000 025 050 075 100 125 150
E:H-Fm (C2+7 Pé-l— 7+§D2) POPS Time (sec)
N FIG. 2. The variation of the normalized useful mode with nor-
+CDPe(Po+Pg) |, malized time.
dD K2 below the resonance radius will be grouped in different parts
— =_L[A* Po(CPe+ DPE)+APE (CPe+ DPy)] of the standing wave in the resonator. The sound fields scat-
dt ¢ tered from these planes are added in phase and, hence, am-
to05 [CDP§+ ZCDPOPE; +(?+ §D2) Let us consider a SASER with a cylindrical resonator. All
Noe bubbles are assumed to be equal. In the steady regime we

consider that there are many emitters of piston type in the
X Pe(Po+P%)

The results of the numerical solution of this set are given in
Figs. 2 and 3 for the following parameterg=1500 m/s,
w=10"3 N/m, ng=10 m 3, w=2%x10° Hz, 5, =0.004,
p1=1000 kg/n?, Ry=10"° m, wo=2X10° Hz, P4=19 20}
kPa, Pc=66.5 kPa, and;=10"2 m 3s~ . It can be seen
that the total number of emitters tends to balance between
the formation and the coagulation of bubbles. The useful

mode comes to saturation. It approximately equals 126 times £ 1sf
the starting pressure. e
S
V. EMISSION OF A SASER AT STEADY STATE ,g

o 10fF
As indicated above, the state of an active medium with a 2
spatially homogeneous concentration of bubbles becomes 3

unstable as a sound wave passes through it. The concentra-
tion becomes periodical in space due to the action of acoustic 05
radiation forces. Consider the bunching of bubbles only in
the sense of radiation, i.e., along thaxis. The bubbles will
come together at the planes where their translational velocity
U equals zero. As Eq_2) indicates,U~sinkz, i.e.,U=0 at 0.0 IR TS T S —

planes which are perpendicular to theaxis, and spaced at 0.0000 00025  0.0050  0.0075  0.0100

intervals r/k. As is easy to see, planes with stable and un- Time (sec)

stable equilibra of the bubble will be alternated. Thus, the

bubbles will be bunched at planes spaced at intervals of FIG. 3. The variation of the normalized bubble concentration
27/k. As this takes place, the bubbles with radii above andwith normalized time.
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active medium which are placedn2k apart. By these means the emission of a SASER is characterized

The emission of radiation by a piston emitter is describeddy high directionality as compared with common piston
in the Fraunhofer approximation by the well-known equationemitters. However, there is some limitation to these conclu-
[12]: sions. At steady state the sound will undergo losses and re-

flections. This effects will deteriorate particle bunching.
R? J,(kRsing) ,
(r.0)=—— " Rapg A —ikNU. (23 VI. CONCLUSIONS

In the present paper we considered the operation of a
! : . 4 : SASER for all time. The coagulation of the bubbles plays no
nates, R is the radius of the emitter, ang is the amplitude part in the evaluation of the starting pressure for a SASER.

of the oscillations. This comes as no surprise, because the initial pressure does
In the case of a SASER the resulting potential is the SUM ot depend on the nu?nber’ of emitters at all TEe larger the
of the potentials from each plane of bubbles. We are inter- P ' g

A - concentration, the larger not only the useful mode but the
ested in the emission away from the resonator. Hence Onlgbsorption of sound ir?the mediu)r/n Both these effects com-
phase factors exji¢) vary, i.e., '

pete with each other.

Here ¢ is the velocity potentialwe use cylindrical coordi-

R2 J,(kRsind) N The bubbles have a dominant role in the energy dissipa-
Dred1,0)=— — 1—2 exp —ikrgug, (24) tion in the SASER, i.e.By;~ngy. However, 8, contains not
r kRsing =1 only the bubble term, but others as well. For example, there

is a term resulting from the liquid viscosity. However, these

additional contributions are negligibly small in comparison
2m(s—1) with the bubble contribution. o

+ K coy (25 During the operation the SASER emission goes to satura-

tion. This effect analogous to that in the free-electron laser

is the distance between tiséh plane and the observed point theory. Estim_ations_of the maximal value of thel useful wave

(r,=r). present r_eadlly achievable values. Thus _there is a good rea-
Let us consider the direction pattern for the SASER. TheON 1O think that the suggested scheme is realistic.

intensity of the emitted wave is proportional to the square of

potential(24). If the number of planebl is sufficiently large ACKNOWLEDGMENT
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whereN is the number of planes, and the quantity

r~ri|l
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