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Experimental and theoretical works on the problem of laser generation of acoustic

-waves in atmospheric aerosol are reviewed.

A number of effects arising in the case of solid- and liquid-state aerosol below and
above the threshold for the development of an optical discharge produced by the inter-
action with the radiation are examined. A classification of the acoustic waves that
arise is given. The possibilities of remote optoacoustic diagnostics of the parameters of

laser radiation and aerosol are analyzed.

1. INTRODUCTION

Optoacoustic effects produced in aerosols, as a
rule, by rapid and nonuniform heating of two-phase
systems above and below the threshold for the de-
velopment of an optical discharge, produced by the
interaction with radiation, form am entire class of
physical processes which have become very impor-
tant in the last few years in connection with the
applications of high-power laser radiation. Until
recently there was no general theory of the genera-
tion of acoustic waves (AWs) by such radiation in
aerodispersed systems. The thermal mechanism
("photoacoustic effect” — see Ref. 1) of the genera-
tion of AWs in an atmosphere containing aerosol
particles is examined in Ref. 2. A brief review of
pre-1985, primarily experimental, works on laser
generation of AWs accompanying optical breakdown
in atmospheric aerosol is given in Ref. 3.

The significant progress made in this field in the
last few years is attributable to the accumulation of
experimental data and improvement of methods for
processing them, extension of the spectral interval of
the measurements into the ultrasonic region, develop-
ment of methods for numerical modeling of AWSs, ob-
servation of the generation of AWs under subthreshold
conditions, and development of models of the genera-
tion of hypersonic and sonic AWs, including in the
case of low-threshold collective optical plasma forma-
tion. As a result it is possible to propose a systematic
theoretical picture of laser generation of AWs in aero-
sols in a wide range of values of the parameters, to
give a classification of the AWs which arise in both
the subthreshold regime and in optical discharges of
different types, and to analyze, based on this, the ex-
isting possibilities for remote optoacoustic diagnostics.
The purpose of this review is, in addition to giving a
brief systematization of the numerical results and ex-
perimental data on laser generation of AWs in aerosol,
to examine the questions enumerated above.
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The generation of AWs under subthreshold con-
ditions accompanying vaporization of a water atmos-
pheric aerosol ("photohydraulic effect” — see
Ref. 5) by pulsed radiation (A = 10.6 pm,
W, ~100 ], and 7y ~ 1 usec) was observed in Ref. 4
and later investigated in Refs. 6—8 for a model wa-
ter aerosol. Primarily the dependences of the peak
values of the acoustic pressure on the energy density
of the laser pulse and the concentration of water-
aerosol particles (liquld-water content of the aero-
sol) were determinated. An estimate of the conver-
sion factor, characterizing the conversion of the la-
ser-energy absorbed per unit volume into acoustic
energy, Kaw ~ 1077 accompanying the propagation of
a laser pulse in the atmosphere shows that the aver-
age intensity of the AWs is high enough in order to
record reliably a signal at a distance of the order of
1 km using directional acoustic detectors.

The optoacoustic effects accompanying the de-
velopment of plasma foci (PF) on isolated solid
aerosol particles in air have been studied in much
greater detail.®~ "> The systematic study of the spec-
tral and energy characteristics of AWs generated by
the entire aggregate of interacting PF was Initiated
by Belyaev et all.>'® Their measurements of the
acoustic pressure generated by discharges of the type
long laser spark (LLS) led to an estimate of the
acoustic energy released in a single plasma focus
(Wpp=108-10"J), and the results of spectral
analysis of AWs from the acoustic range made it
possible to associate the minima in the spectra of
AWs with the length of the discharge and the char-
acteristic distance between separate plasma foci.

Time-resolved acoustic signals from separate
plasma foci'""'® made it possible to relate their width
1, ~ 107* sec and the amplitude with the size of the
plasma focus for sufficiently short laser pulses
(ty <1, as well as to make a more accurate estimate
of the conversion factor, characterizing the conver-
sion of the laser energy absorbed by the plasma focus
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into acoustic energy (K w ~ 107). It was possible to
reconstruct from the optoacoustic measurements the
critical sizes of the breakdown-initiating aerosol par-
ticles as a function of the energy density of the laser
radiation; this is of interest for predicting the propa-
gation of high-power beams on atmospheric paths.
The numerical modeling of AWs generated by a dis-
charge of the LLS type, as a random sequence of
square pulses whose parameters (width, amplitude,
and repetition interval) are uniformly distributed on
some interval'® made it possible to make a well-
founded determination of the character of the inter-
action between the position of the minima in the
frequency spectrum of the AWs and the average dis-
tance between separate plasma foci. In the process,
the correlation, following from the results of
Refs. 11 and 13, between the position of the high-
frequency maximum in the frequency spectrum of
the LLS (f ~ 3 kHz) and the diameter of the plasma
focus dpp = v (2nf)"' = 2 cm, where o, is the veloc-
ity of sound, was confirmed. The mutually compli-
mentary nature of the information from acoustic and
optical signals from LLS and, in this connection, the
potential usefulness of combined optoacoustic diag-
nostics of discharges was pointed out by Geints et
al. in Ref. 15.

From the standpoint of the diversity of the
physical mechanisms for generation of AWs the rich-
est discharge is a collective optical discharge
(COD), which arises in dense aerodispersed media at
minimum intensities in a field generated by suffi-
ciently long pulses. A collective optical discharge is
formed and develops primarily by means of a heat-
conduction mechanism without the formation of
photodetonation waves of absorption of laser radia-
tion which are characteristic for the dynamics of
plasma foci in discharges of the LLS type. Nonethe-
less, as was first pointed in Ref. 16, even this dis-
charge is a source of intense AWs. In Ref. 17 it was
stated that the acoustic spectrum of the COD con-
tains a relative maximum at f ~ 10" Hz.

A complete investigation'®?° of the dynamics of
acoustic disturbances generated by the region of the
COD in a solid-state aerosol made it possible to
prove that here there exist acoustic components of at
least two forms: internal hypersonic waves with
maximum frequencies fn.x ~ 1—10 MHz and outgoing
waves with characteristic frequencies f ~ 1—10 kHz.

Analysis of the numerical results'®" and labo-
ratory experiments'®?’ showed that the characteris-
tics of the generation of some hypersonic components
of AWs in a solid-state aerosol are similar for both
CODs and discharges of other types. The approach
to estimating the spectral intervals of generation of
separate low-frequency components of AWs for dif-
ferent optical discharges is also analogous. This cre-
ates a basis for constructing a quite general classifi-
cation of AWs generated by laser radiation in, at
least, a solid-state aerosol.
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2. NEAR-FIELD HYPERSONIC
DISTURBANCES

The starting point for the construction of a pic-
ture of the generation and evolution of AWs in a
solid-state aerosol under the action of not-too-short
laser pulses (tq = 10 sec) is the idea of the formation
of a vapor-air aureole (VAA) in the vicinity of a
rapidly evaporating particle; the transition of this
aureole with significant heating into a vapor-plasma
microflame is possible only when some threshold
conditions are satisfied. Irrespective of whether or
not the threshold has been exceeded, the AWs gen-
erated in the system can be divided into two types:
internal or near-field hypersonic waves, which, be-
cause of strong damping, can be studied primarily
by numerical methods only, and external sound
waves recorded by acoustic sensors at different
distances from the region of laser-aerosol interac-
tion. It has been found that, on the contrary, nu-
merical methods are not effective for describing the
latter type of waves.

A numerical model of the generation of near-
field AWs should make it possible to trace the trans-
formation of the vapor-air aureole surrounding a
particle into a microplasma focus (microflame), i.e.,
the model should describe both below- and above-
threshold regimes for an optical discharge. To make
a quantitative calculation of the spatiotemporal
structure of such a system it is necessary to employ a
mathematical model that gives a self-consistent de-
scription of the heating of a particle and vaporiza-
tion in a layer near the particle as well as the dy-
namics of the interaction of the components in the
entire aureole (which, under the conditions of vol-
ume energy release, is expanding) and takes into
account the real temperature dependences of the
thermophysical and gas-dynamic parameters of the
vapor-air mixture. Such a model was constructed in
Refs. 18 and 19.

Analysis of the results of numerical modeling of
the dynamics of VAA in a quite wide range of inten-
sities 1 = (4—400) - 10° W /cm? shows that there are
three basic stages: initial, convective, and heat-
conducting. The starting stage includes heating of
the particle and establishment of a regime of devel-
oped vaporization, accompanied by the formation of
a pressure shock. The convective stage corresponds
to three-dimensional expansion of VAA under the
backpressure exerted by the air. The work performed
by the vapor against the air pressure under condi-
tions when the air is almost completely forced out of
the inner regions of the VAA ("piston”), as well as
the absorption of laser energy by the vapors results
in heating of the prefrontal zone. In the case when
the velocity of the front is high (of the order of vy),
however, the convective mechanism plays the main
role in the redistribution of heat and vapor and sig-
nificant heating of the VAA does not occur.
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FIG. 1. An acoustic wave of aureole formation
(AWF) on a corundum particle with radius
a=20um and volume absorption coefficient
a=>5-10cm™! with intensity I = 4 - 10° W/cm?
at successive moments in time (usec): 0.16 (1),
0.33 (2), 0.57 (3), 0.92 (4), and 2.86 (5): The
dashed lines show the profiles of the partial
pressure of the aervosol vapors. The absorption
coefficient of the vapor-air aureole at the wave-
length of the neodymium laser W(T) was calcu-
lated using the formulas from Ref. 21. The dif-
ference between the absorption coefficient o and
the linear value (the ”aerosol blackening” ef-
fect), following from the results of Ref. 22, is
taken into account.

Hypersonic AWs, arising already at the initial
stage of the evolution of a VAA (curves 1 and 2 in
Fig. 1), are characterized by frequencies right up to
f~10% Hz. At the convective stage their amplitude
decreases rapidly and this process is accompanied by
a shift of the spectrum to lower frequencies (down
to f ~ 10° Hz over a time At ~ 3 psec), as one can see
from Fig. 1 (see curves 3—5).

The process proceeds under conditions such that
nonlinearity competes with high-frequency dissipation
accompanied by three-dimensional spherical expansion
of VAA. The associated acoustic waves can be called
an acoustic wave of aureole formation (AWF). We
note that the velocity of the wave displacing the
buffer gas drops rapidly (from 200 m/sec to 40 m/sec
over a time At ~ 3 usec), so that the AWF is detached
from it and the zone of heating and already propagates
in a cold buffer gas. The amplitude of the AWF at a
distance 7 ~1 mm with f~1 MHz is APy ~ 0.02 atm.
The further evolution of the AWF and the possibil-
ity of remote detection of the wave are determined
primarily by the linear absorption with the coeffi-
cient o, = 2n°vf2/(v,p,) < 0.6 cm™" and the geomet-
ric factor 7!, where v is the coefficient of kinematic
viscosity and is the air density.

The velocity of the medium at the point of
maximum temperature drops monotonically during
the convective stage of development of the VAA.
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The transition from the convection to the heat-
conducting stage of the evolution of the VAA occurs
when the rate of convection is equal to the rate of
heat conduction in the indicated region and corre-
sponds to separation of two spatial regions in the
three-dimensionally expanding aureole: an inner,
comparatively stable, region in which convection
plays the main role as before and an outer region
(which determines the maximum size and tempera-
ture of the VAA), in which heat conduction pre-
dominates and the pressure is close to atmospheric
pressure. It follows from what was said above that
in the absence of significant heating of the VAA
(i.e., in the subbreakdown regime) new components
of AWs of an isolated aerosol particle are not gener-
ated. It is this regime that is illustrated in Figs. 1
and 2; in addition, Fig. 2 corresponds to the moment
of virtually complete vaporization of the aerosol par-
ticle (¢ is a generalized parameter).

20 100 300 500 700
r, dm

FIG. 2. The heat-conducting stage of the evolu-
tion of a vapor-air aureole (VAA) in the sub-
breakdown regime. Profiles: 1) the temperature
T =10°¢ K; 2) the wvelocity V =2 -10% m/sec;
3) the total pressure P = 0.2¢ atm; 4) the partial
pressure of the aerosol vapors; 5) the partial pres-
sure of the buffer gas. The conditions are the same
as in Fig. 1. The time t = 43.6 psec. The relative
mass of the vaporized aerosol m,/my ~ 1.

The specific nature of the interaction of high-
power laser radiation of subbreakdown intensity with
a water aerosol is connected primarily with the focus-
ing and explosion of particles or ejection of jets with
comparatively low temperature from the particles and
does not qualitatively change the physical mechanism
of generation of AWFs as a process in which the pres-
sure shocks decay on the front of the VAA. Essen-
tially, only the geometry of the VAA front changes.
This means that at distances much larger than the ra-
dius of the particle (r > @) it should be expected that
the AWF should have the same asymptotic behavior
for both solid-state and water aerosols.

3. ACOUSTIC DISTURBANCES IN THE FAR
FIELD

The possibility of remote detection of subbreak-
down acoustic waves is connected primarily with the
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transformation of the spectrum of hypersonic AWFs
owing to HF dissipation and dispersion® into the
low-frequency (acoustic) range, where the linear
absorption coefficient ay ~ f2 is quite small.

The thermal and evaporation mechanism of sound
generation in continuous media as well as the forma-
tion of AWs in the far field have been examined in
detail in a number of works (see, for example, Refs. 1
and 24 and the references cited therein). We discuss
below the results of works on the investigation of the
generation of AWs by the natural atmospheric and
model mono- and polydispersed water aerosols under
the action of pulsed CO,-laser radiation.**® A mono-
dispersed aerosol, generated by an ultrasonic genera-
tor. Is a convenient model for studying the processes
occurring when a separate aerosol particle breaks up in
the field of high-power laser radiation. The acoustic
waves recorded in the far zone in this case consist of
contributions from AWs generated by separate parti-
cles. The width of the acoustic signal in the far zone
for short laser pulses (15 < v, - 2R, where R is the ra-
dius of the laser beam) is determined by the volume of
the region of laser-aerosol interaction, and its ampli-
tude is proportional to the amplitude of the acoustic
wave generated by separate particles (for monodis-
persed aerosol it is proportional to the concentration of
aerosol particles; this has been quantitatively verified
in Ref. 7).

The dependence of the acoustic pressure p in the
far zone on the energy density of the laser radiation
(Fig. 3) indicates that this dependence changes much
more rapidly for a monodispersed aerosol after the
threshold of explosive boiling of the aerosol particles
is reached (Ep =2 J/cm?).”® For E; < E., how-
ever, no difference was observed in the behavior of
the dependences P(E{) for poly- and mono-dispersed
aerosols: as E; increases the linear dependence trans-
forms continuously into a quadratic dependence.
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FIG. 3. The acoustic pressure generated in the
far zone (5 cm from, the center of the interac-
tion volume) by a monodispersed aerosol (1—3)
and a polydispersed aerosol (4) as a function of
the energy density of pulsed COy-laser radiation
for initial liquid-water content of the aerosol
(g/m”): 8 (1), 40 (2), 80 (3), and 800 (4).

References 7 and 8 contain data on the satura-
tion of the acoustic pressure as the initial liquid-
water content of the aerosol increases while the en-
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ergy density of the laser radiation remains fixed.
This is connected with the effective penetration
depth of the laser radiation into the aerosol cloud.
Saturation occurred with an initial liquid-water con-
tent of ~ 120 g/m?.

Based on models of the dynamics of a phase ex-
plosion in water particles,” the increment to the
temperature of the medium is determined from
analysis of the heat stored in the products of explo-
sion up to the moment at which they stop under the
condition of thermodynamic equilibrium in the me-
dium. Then the excess pressure AP in the region of
interaction of the radiation with the aerosol can be
found from the equation of state of the two-
component air-vapor mixture®:

C
ik -
AP = Apv RVTO + E;: R. (T'o TO) ’

(1

where p,, R,;, and R, are, respectively, the density
of the vapor and the gas constants of air and the
vapor; C,, and C,, are the specific heat capacities of
the vapor and air at constant pressure; Ty is the
initial temperature of the medium; and, T,y is the
temperature of the vapor up to the moment that the
products of the explosion stop (T, =~ 373 K). The
increment to the density of water vapors in the inter-
action volume cam be expressed in terms of the total
degree of evaporation of a separate aerosol particle
Ap, = X.qo, which is determined by the ratio of the
liquid-water content of the fog at the end of and prior
to the action of the radiation pulse: X, =1 — q/qj.

For uniformly absorbing particles (a s 10 pm,
A = 10.6 um) the degree of vaporization is virtually
independent of the particle size, and is determined
entirely by the energy parameters of the radiation
pulse.®® The presence of a coarse fraction
(a = 10 pm) of significant size in the aerosol, like in
the case of the polydispersed fog employed in the
experiments of Ref. 8, can substantially change the
power parameters of the generated acoustic pulse.
Since in large particles the heating is nonuniform, ex-
plosive boiling does not occur in the entire volume of
the drop, like in small particles, but rather only in a
surface layer, whose thickness is of the order of the
absorption length of the radiation in water. It is easy
to show that for am increment Ap, after the explosion
of a polydispersed aerosol Ap, = 0.4X, - go.® Thus the
acoustic disturbance accompanying the explosion of a
fine-drop aerosol is approximately 2.5 times stronger
than in the case of a polydispersed fog with a coarse
fraction (assuming that they both contain the same
amount of liquid water).

4. ACOUSTIC DISTURBANCES AT THE
BREAKDOWN FOCUS

A microplasma focus (MPF) can form on an iso-
lated particle by several different mechanisms, de-
pending on the size and material of the aerosol parti-
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cles as well as the width of the laser pulse. The best
known mechanism is the comparatively high-
threshold (with respect to the intensity) mechanism
of thermal explosion of solid micron-size particles*
followed by the development of an avalanche in an
expanding, thermally weakly ionized VAA. This
mechanism agrees well with the frequency dependence
of the thresholds for breakdown of the coarse fraction
of naturally dry atmospheric aerosol in discharges of
the LLS type®® with pulse widths t; = 107*—107° sec.
Since in this case the intensities are, as a rule, high
enough for a photodetonation wave (PDW) to be
maintained in the buffer gas, the generation of AWs
in the form of AWFs is replaced almost immediately
by generation of a much more powerful AW whose
spatial structure and spectrum are similar. The dura-
tion of this AW is now determined not by the char-
acteristic formation time of the VAA, like in the case
of AWF, but rather by the width of the laser pulse
t;. This AW is connected with the motion of the
heating front of the MPF and the propagation of
PDW and can be called an acoustic wave of heating
(AWH). An analogous picture should also be ob-
served when the MPF is produced by different but
quite rapid mechanisms (for example, focusing and
multiphoton ionization in the case of a water aero-
s0l?). The separation of the AWF and AWH, in this
case, is quite arbitrary, especially since under condi-
tions of external focusing of the radiation by the
water aerosol® the stage of AWF in its pure form
could be absent entirely.

A different situation arises for comparatively
large particles (¢ > 10 um) in the radiation field of
wide near-IR pulses (t; = 10 psec), when under con-
ditions of moderate absorption in the VAA self-
maintained heating of the aureole is possible in the
heat-conducting regime with low intensity, while
generation of AWF and AWH is separated by a time
interval of the order of 10 psec. The dynamics of this
process can be investigated numerically based on the
mathematical model described in Refs. 18 and 19.
Analysis shows'? that above-threshold VAA evolves
through the same stages as in the below-threshold
regime (initial, convection, and heat-conduction).
Significant differences from the behavior discussed in
Sec. 2 appear only at the third stage, when at some
critical time t, the heating in the vapor component of

the VAA can exceed the losses (owing to heat conduc-
tion and diffusion expansion of the vapors). The
maximum rate of heating of the VAA occurs in a nar-
row temperature range (T ~7 - 10°K), corresponding
to the position of the first maximum of the tempera-
ture dependence of the absorption coefficient p(T) of
the radiation initiating breakdown at the wavelength
for aerosol vapors (see Ref. 21).

Figure 4 makes it possible to follow the dynamics
of the VAA in the case of above-threshold (for heat-
ing) radiation intensity. In this case, in order to de-
terminate more accurately the mechanism by which
the VAA is heated the same value of the flow of the
aerosol vapors from the particles (determined by the
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product o) as that in Figs. 1 and 2 was chosen.
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FIG. 4. The heat-conduct ion transformation of
the vapor-air aureole (VAA) at the microplasma
focus (MPF) in the above-threshold regime. The
profiles of the temperature (solid lines) and pres-
sure (dashed lines) are presented for the following
times (usec): 0.13 (1), 0.92 (2), 26 (3), and 26.3
(4). The process of generation of acoustic waves
of aureole formation (AWF) (1, 2) and acoustic
waves of heating (AWH) (3, 4) at an aerosol par-
ticle with, a =20 pm and o = 50 cm™! is followed
for T=4-10W/cm® in the following scale;
T(K) = 10% and PI10°Pa] = 0.2¢.

As one can see from Fig. 4, the qualitative fea-
tures of the heat-conduct ion stage of the development
of VAA are preserved at the initial stage of heating. In
contrast to the case of ”cold” VAA, however, here the
gas-dynamic regime is replaced with a delay of about
25 psec; the distinguishing indicator of this process is
rapid (over a time of the order of 1077 sec) heating
and therefore increase of the pressure, resulting in in-
tensification of convection processes in the outer part
of the VAA (Fig. 4). This stage of the development of
a VAA can be called the convection-heat-conduction
stage. Rapid growth of the maximum electron density
N, (from (5—6) - 10" cm™ to 1.5 - (10'"—10"®) cm™ in
Fig. 4) permits talking about transformation of VAA
into MPF, by means of heat conduction, over a time
of the order of 107 sec, which depends on the inten-
sity of the incident radiation I and the size a and
absorption coefficient a of the aerosol particle. An-
other consequence of the rapid increase in the tem-
perature and pressure is that strong AWs, which are
in many ways analogous to the waves generated at
the initial stage of the evolution of the VAA, appear
at the convection-heat-conduct ion stage of the de-
velopment of an MPF. The most significant physical
difference between them is that the zone of genera-
tion of AWs in the heated MPF is located at a dis-
tance 7, > a, far from the surface of the particle,
and the AWH arising here travel from the zone of

heating not only to the outside, but also into the
particle. Their “collapse” to the particle is, however,
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prevented by the supersonic gas flow in the interior
convection region of the MPF. The interaction of the
AWF with the flow results in compression of the
convection region, rapid growth of the pressure at
the boundary of the convection region with the heat-
conduction region, and a unique reflection (rever-
beration) of the AWH, which increases the lifetime
of AWH in the case of external detection.

The increase in the absorption coefficient of a
particle with the same intensity (i.e., increase in the
flux density of aerosol vapors) results in approxi-
mately a proportional reduction in the time during
which the VAA is transformed by means of heat
conduction into an MPF, i.e., the interval between
the pulses of AWF and AWH decreases. This opens
up definite possibilities for active acoustic diagnos-
tics of the composition of aerosol particles.

The increase in the size of an aerosol particle un-
der otherwise equal conditions results in an increases
of the radius 7, of the zone of heating. The threshold

intensity decreases (ala = const), while the heating
time increases. The duration of the generation of the
AWTF also increases. Thus there are definite prospects
for performing diagnostics of the sizes of aerosol parti-
cles not only based on the energetics but also based on
the temporal characteristics of the AWs.

The evolution of the MPF over a time deter-
mined by the width of the laser pulse or on spatial
scales determined by the dimensions of the focal re-
gion, i.e., their transformation into the experimen-
tally recorded plasma foci, is connected with the
emergence of the plasma-format ion process into the
buffer gas, for example, in the form of a photodeto-
nation wave (for discharges of the LLS type), or
with the development of collective mechanisms in an
ensemble of MPF (for discharges of the COD type).
We shall study below the characteristics of the gen-
eration of AWs in developed optical discharges
(ODs) of different types in connection with the pos-
sibility of remote acoustic diagnostics of ODs.

5. DIAGNOSTICS OF DISCHARGES OF THE
TYPE LONG LASER SPARK

The specific nature of discharges of the LLS
type is manifested at the later stages, when MPFs
emerge into the surrounding gas and expand in it, as
a rule, by the PDW mechanism. The comparatively
low-frequency weakly damped components of the
AWHs arising in this case under the conditions of
dispersion and dissipation are the main source of
acoustic information about the LLS in remote detec-
tion. The optical breakdown is characterized by the
highest coefficient of conversion of the incident laser
energy into acoustic energy; in contrast to tradi-
tional methods of optoacoustic laser spectroscopy,’!
this makes it possible to record the acoustic response
directly in the free atmosphere. Since an LLS is
characterized by several substantially different spa-
tial scales, including the size of the plasma focus and
the average distance between neighboring plasma
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foci, we shall distinguish the low-frequency compo-
nents associated with them and we shall call them
AWH; and AWH,, respectively.

The following empirical relations exist!'®:

d" El O.TII.U'; 2)
P’.r Pp_r
%r * 3700 ~ 1750 (3)

A remote microphone records the acoustic pulse
generated by a separate plasma focus as a weak
shock wave having the typical profile:'® t_ ~ 1.51,,
P, ~12P,.

The relations (2) and (3) show that, like a
source of sound, a separate plasma focus can be
modelled as a pulsating sphere and its acoustic en-
ergy can be represented in the form

4'2 21.' T
Vs | PP Lep o],

(4)

The following notation was employed above: t.,
., P,, and P, are the width (at the base) and

s
peak pressures in the positive and negative phases,
respectively, of the acoustic pulse generated by the
plasma focus and 7 is the distance from the plasma
focus to the receiving microphone.

Since the motion of the breakdown plasma
along the laser beam for microsecond laser pulses
occurs by the PDW mechanism, the change in the
radius of the front of the shock wave, forming in the
process, satisfies the relations of L.I. Sedov.’? Then
it is easy to show that for a square laser pulse the
following relation is satisfied:
np ds
"] W o

P 12.¢

-—Nq

()

where W, is the laser energy absorbed by the
plasma focus. Assuming that a separate plasma focus
almost completely absorbs the laser radiation inci-
dent on the body, we obtain from Eq. (4)

Wop = 3.1:10 zvff:-a". ©

Then the conversion factor for conversion of la-
ser energy into acoustic energy is of the order of
K = WPF/WLp ~ 10—4, u/p[-‘ ~ E123

The estimates presented above make it possible
to interpret the result of the measurement of the
parameters of the AWH,, for the investigation of
the nonlinear energy losses of the laser beam on the
propagation path.' In particular, using the relation
(2), the size of separate plasma foci can be deter-
mined by measuring 1., which in the frequency do-
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main is equivalent to measuring the frequency corre-
sponding to the maximum of the AWH,; spectrum.
The relation (3) makes it possible to determine, by
measuring the amplitude of the AWHy;, the sizes of
separate plasma foci and their size distribution. Fig-
ure 5 shows such a distribution for the laser source
employed in the measurements. With the help of the
measurements of the time delays between AWH;
from each plasma focus with a known arrangement
of the receiving microphone relative to the laser
beam it is possible to reconstruct the spatial location
of each plasma focus formed (Fig. 6). The traditional
methods of spectral analysis permit finding from the
AWH), spectrum the average distance between sepa-
rate plasma foci and the size of the entire breakdown
region.
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FIG. 5. The normalized size distribution func-
tion w(dpr)of the breakdown foci.

Wer
T

0.6
04}
02

0
0.81-

0.6}
041
02

F

. | -l-h-r"'—\r! [ |

z 34
LF iF

FIG. 6. Histograms of the running values o; the acoustic enerqy W generated along the propaga-
tion path of the laser beam a — <n,> =33 cm™ and b — <n,> = 6 cm™>. The dashed lines show
the region of the caustic of the laser beam and the arrows mark the direction of propagation.

6. GENERATION OF ACOUSTIC
DISTURBANCES UNDER CONDITIONS OF
COLLECTIVE INTERACTION IN DENSE
AERODISPERSED SYSTEMS

The discharges of the LLS type studied above
have in common the fact that the MPFs forming on
the aerosol particles are only a seed that initiates the
processes responsible for the propagation of the dis-
charge into the buffer gas, which occur by the same
mechanisms that are characteristic for single-phase
systems and which result in the formation of the
experimentally recorded plasma foci. A fundamen-
tally different possibility of formation of plasma foci
with sizes of the order of the focal volume appears in
dense aerodispersed systems, when VAAs arising on
separate particles can coalesce before the initiating
pulse terminates. Such a collective process results in
a sharp reduction of the thermal losses in the system
and growth of the MPFs under conditions of anoma-
lously low intensities, i.e., it can lead to the devel-
opment of low-threshold COD. Depending on the

ratio of the parameters of the problem the collective
process can proceed along one of two basic chan-
nels®: 1) individual collective heating (ICH), when
the MPFs develop in a self-maintained regime (see
Sec. 4) and coalesce at a temperature much higher
than the boiling point of the aerosol Ty; 2) cold coa-
lescence (CC),** when MPFs do not form at all (see
Sec. 2) and the heating is of a purely collective char-
acter (CH) and proceeds only after the VAAs coa-
lesce at T ~ T, owing to the sharp reduction of the
relative thermal losses. In contrast to discharges of
the LLS type the plasma focus of a COD forms and
develops only in a two-component vapor-air medium,
and the lowest threshold of breakdown should be
expected (in the field of sufficiently wide pulses)
precisely in the CC regime. We shall study the char-
acteristics of AWs formed under these conditions.

In the aerosol ensemble characteristic for the for-
mation of COD with sufficiently high aerosol concen-
tration n, the generation of an AWF on separate parti-
cles results in the formation of an acoustic wave con-
nected with the merging of density and plasma waves
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from separate VAAs. Following Ref. 20, this interfer-
ence AWF can be called an acoustic wave of cold coa-
lescence of the first type (AWCC)). Its frequency

range fyycc, is determined by the transit time of the

AWF in the cold buffer gas with velocity v, between
neighboring VAAs and thus can be estimated as

v nl/:i
Ml(:l::‘1 s a

f
)

One can see from Eq. (7) that the spectral inter-
val of the AWCC, in an aerosol ensemble with con-
centration n, ~ 10°~10* cm™ typical for a COD is hy-
personic and lies in the region fyzcc, ~(1—6)-10°Hz.

The physical process of interference of AWTFs, result-
ing in the formation of AWCC,, can be investigated
using the same mathematical model as that employed in
Sec. 2 but supplemented with symmetric boundary
conditions at the interface between two neighboring
cells of the ensemble!®:

ar

t € [0, ), r = [4un‘/3]-”3. 8)

where v is the local velocity of the mixture of air
and aerosol and p, is the aerosol density.

1 J
r, um

Il 1 1
%) 180 220
FIG. 7. The dynamics of the internal AWCC in an
ensemble of corundum aerosol particles (a = 20 um,
a=5-10cm™) with concentration n, = 10"cm™
with intensity I =4-105W /cm? at successive times
(usec): 0.3 (1), 0.7(2),1.0(3), 1.3 (4), 1.6 (5),
and 2.1 (6). The dashed lines are the pressure pro-
files after the first “reflection” from the interface of
two neighboring cells and the dotted line is the pro-
file after reflection from the region near the particle.
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The results of the calculations of the dynamics
of the internal AWCC; are presented in Fig. 7,
whence, in particular, one can see that the developed
internal AWCC; has a frequency of the order of
1 MHz, in agreement with the estimate following
from Eq. (7), and decays rapidly. The characteristic
decay time, estimated from the results of numerical
modeling, is tcc ~ 7 usec, which corresponds to an
effective absorption coefficient acc ~5 cm™'. The
fact that acc > ag for AWF at comparable frequen-
cies (see Sec. 2) agrees with the well-known fact
that in two-phase systems acoustic and shock waves
are strongly damped (see, for example. Ref. 35).

The emergence of the AWCC; outside the gen-
eration zone is accompanied by transformation of the
spectrum in the low-frequency region, where the
absorption coefficient a, ~ f* is much smaller. How-
ever the strong dissipation of AWCC, in the HF
region and the comparatively short generation time
of acoustic waves of this type generated by the en-
tire aerosol region (Aty ~ min{R,/ v, L,/ vs}, where
Ry is the radius of the focal waist of the beam and
L, is the size of the aerosol cloud with a concentra-
tion of the order of n,), makes it impossible to ob-
tain from the AWCC; significant information about
the discharge under conditions of remote detection.
The total power of the AWCC; at distances
r > min{Ry, L,} must be of the same order of magni-
tude as in the case of generation of acoustic waves in
the subthreshold regime.

If the COD develops in the CC regime, a signal
associated with the coalescence of waves of heating
(with T =~ T,.) from separate VAAs is also generated
in the system with some delay relative to the
AWCC,. We shall call the corresponding wave an
acoustic wave of cold coalescence of the second type
(AWCC,). Since the wave of heating propagates
with a much lower velocity than the AWF
(vr ~ 10° cm/sec < vg), the spectral interval of the
AWCG, for typical values of the concentration of the
aerosol in the COD Is shifted into the acoustic range:

173 3 .
fnuccz ~vn’'" ~ 510 2:10" Hz.

9

As is obvious from Eq. (9),the AWCC, hardly de-
cays, its total generation time is At; ~ min{Ry/ vy,
L,/ o7} > Aty, and in the near-threshold regime of
the COD this mechanism can be an effective source
of AWs, recorded at a significant distance.

Under substantially above-threshold conditions
for COD, when the system evolves in the ICH re-
gime, an interference AWH is generated immediately
after the AWCC,. We shall call this wave an acous-
tic wave of collective heating of the first type
(AWCH;,). The frequency spectrum of AWCH; lies
in the same frequency interval as AWCCy, while the
delay time is determined by the conditions of heat-
ing and can range over wide limits. The results of
numerical modeling of AWHs with high intensities
give the lower limit (see Sec. 4). The upper limit
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(At ~ 0.3 msec) is obtained by shadow diagnostics of
COD at intensities that are approximately two or-
ders of magnitude lower.'®

As in the case of cold coalescence, in the ICH
regime a signal connected with the coalescence of
heating fronts (with temperature much higher than
T.) from separate MPFs is generated in the system.
We shall call the corresponding AWs, which has a
frequency spectrum in the same interval as AWCC,,
an acoustic wave of collective heating of the second
type (AWCH,). As is obvious from what was said
above, the AWCH, is the main form of AWs, re-
corded at a significant distance r > {R,, L,} from
the region of the COD under above-threshold condi-
tions in the high-frequency part of the acoustic
range. According to a number of indicators, the AW
recorded in Ref. 17 at a distance » ~ 2 cm from the
region of the COD in the band f ~ 10 kHz with am-
plitude AP ~ 0.04 atm can be interpreted precisely
as a AWCH,.

Under threshold conditions of COD? an
AWCC, is primarily recorded in the case of remote
detection in the high-frequency part of the acoustic
range (since it is precisely the CC—CH mechanism
that gives the lowest threshold). It should be kept in
mind, however, that a powerful AW, connected with
heating and expansion of the region of the COD as a
single plasma focus, forms at the CH stage. We shall
call this wave an acoustic wave of collective heating
of the third type (AWCHS3). Its frequency interval

faucna - vl/4! nln{R;. L.}

can be estimated, in principle, in the same way as
for AWH;, generated by a separate plasma focus in
discharges of the LLS type (see Sec. 5). The quan-
titative differences are connected, first of all, with
the fact that Eq. (10) contains the rate of expan-
sion of the COD across the beam (based on data
from the shadow and holographic diagnostics®*®
v, = 15—70 m/sec < vs) and, second, with the fact
that the characteristic size of the plasma focus in
discharges of the LLS type is, as a rule, smaller than
the size of the COD. As a result for beams with

Ry ~0.2-3 cm we have fyyc,, =40 Hz — 3 kHz. It

is obvious that a wave of the type AWCHj3;, only
more powerful, will also be generated in the sub-
stantially above-threshold regimes of ICH, since
the discharge passes through the CH stage in this
case also. Thus the AWCH; is the lowest fre-
quency component of acoustic waves from the re-
gion of the COD and is the most reliable indicator
of the emergence of the discharge into the collec-

(10)
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tive regime both under threshold conditions and
significantly above the breakdown threshold.

The possibility of acoustic diagnostics of the
threshold conditions of COD was demonstrated in a
laboratory experiment.?

The details of the structure of the spectra of
AWs vary from one realization to another for identi-
cal (within the limits of accuracy of the measure-
ments) experimental conditions. However the char-
acter of the spectra as a whole obeys completely de-
terminate laws, which can be traced based on the
theoretical model constructed above for the genera-
tion of AWs and the energy threshold of COD¥347:

it =Qz2Q

T ' (11)
where Q* is a threshold parameter that depends
primarily on the aerosol material and the external
pressure. For boron carbide (B4C) and a pressure
P =1atm Q* =130 J/cm?.®

The main feature revealed by the analysis of
the spectra of the acoustic signals from the region
of COD is the possibility of direct diagnostics of
CC and CH processes based on data obtained by
remote acoustic detection in the acoustic range.
Diagnostics of hypersonic AWs of the type AWF,
AWH, AWCC{, and AWCH;, cannot, however, be
performed as reliably as for low-frequency AWs of
the type AWCC,, AWCH,, and AWCHj.

Comparing the spectra measured with increas-
ing values of the parameter QO makes it possible to
follow the increase in the relative input of acoustic
energy by the CH process. The separation of a low-
frequency maximum in the acoustic spectrum of
COD can be used as a criterion for satisfying the
threshold condition (11), relating the parameters
of the aerodispersed system (a, n,) and the laser
pulse. When an independent channel for measur-
ing one of the parameters of the aerosol is avail-
able, the second parameter can be determined from
Eq. (11). One method of remote estimation of n,
could also be based on spectral analysis of AWs,
namely, determination of the maxima of AWCC,
or AWCH, and using the relation (9).

8. CONSLUSIONS

Aerodispersed systems at atmospheric pressure
in the field of powerful near- and far-IR laser radia-
tion are efficient sources of AWs in a wide spectral
interval, under both below-threshold and especially
above-threshold conditions for development of opti-
cal discharges of different types. The generalized
scheme of laser generation of AWs, which makes it
possible to classify the waves, is presented in Fig. 8
in a symbolic form.
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FIG. 8. Generalized scheme of laser generation of acoustic waves in aerosols.

Depending on the regime of interaction of laser
radiation with the aerosol the following components
of the AWs can form:

1) a near-field hypersonic acoustic wave of for-
mation of a microflame (AWF) with a rapidly trans-
formed (over a time 1077—107%sec) spectrum
(10 Hz > fywr > 10°Hz) both below and above
threshold for COD. and distant acoustic AWF with
a spectrum right down to 20 Hz;

2) near — field hypersonic acoustic wave of heat-
ing (AWH) of the microflame, whose frequency in-
terval  depends strongly on the intensity
(107 Hz > fywr > 10° Hz) — above  threshold  for
LLS and substantially above threshold for COD,
and remote acoustic AWH; and AWH, in discharges
of the LLS type;

3) acoustic waves of cold coalescence in differ-
ent types of COD: at first hypersonic waves
(AWCC,) with frequencies of the order of 10° Hz
and then at near-threshold conditions acoustic waves
(AWCC,) with frequencies 5 -10°-2 -10% Hz; the
frequency of the AWCC depends on the aerosol con-
centration; and,

4) acoustic waves of collective heating (AWCH)
in discharges of the type COD, both hypersonic
(AWCH,) and high-frequency acoustic (AWCH,) far
above threshold and low-frequency acoustic
(AWCHj3) at the stage of developed COD above
threshold.

The acoustic waves generated can not only be
the product of the optical discharge, but they can
also affect the dynamics of the discharge. For inten-
sities characteristic for LLS at distances not greater
than the range of propagation of a photodetonation
wave #pp; or the decay length of AWH
rawn < Ouyy ~ 1.6 cm, the plasma foci can interact

with one smother, but not in the form of collective
heating, like in COD, but rather in the form of
competition®: in a sufficiently close ensemble of
stronger (developing earlier) plasma foci a neighbor-

ing plasma focus, located at a distance Ar, is extin-
guished if its development time exceeds

lr/vm. Ar < oo’

< < 4
rPDl Ar rlﬂ!

Ar/v_,
.
Remote measurements of the integrated energy
of acoustic waves in the acoustic range give an esti-
mate of the energy of the beam or the total aerosol
content. Spectral processing of acoustic waves carries
significant information about the structure and dy-
namics of the region of interaction of powerful laser
radiation with the aerosol both below and above
threshold. In addition, as the frequency of the re-
ceived and processed acoustic waves increases, diag-
nostics of smaller spatial and time intervals can be
performed. In the case of wide laser pulses with
comparatively low intensity it is of great practical
interest to perform diagnostics of slow collective
processes occurring in am aerosol whose concentra-
tion is high. Effective diagnostics of such processes
can be performed in the acoustic range. In this case
the low-frequency maximum of the acoustic spectrum
carries information about the transverse size of the
region of the discharge and the higher frequency
maxima carry information about the character of the
spatial distribution of the aerosol particles. In par-
ticular, from the ratio of the indicated maxima it is
possible to determine whether or not the threshold
condition for COD is satisfied.
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