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A review is presented of the methods for laser sensing of the atmospheric
parameters developed by the author. The results of investigations are given on
problems of self-action of high-power laser beams propagating in the surface layer
of the outdoor atmosphere which comprises aerosol particles. Possible applications
of an aerosol spectrochemical (ASC) lidar to an elemental emission analysis of
aerosol substance in a remote laser spark and opto-acoustic sensing of the
meteorological parameters are studied. Most attention is concentrated on a novel
class of lidar systems, namely, laser reception (LR) lidars which provide the record

spectral sensitivity of path gas
microcapillary waves.
INTRODUCTION

The advancement of high-power laser technique
opens up new possibilities for application of the specific
and very wide class of processes of nonlinear coherent
light interaction with a medium as a physical basis for
novel methods of laser sensing of the atmospheric
parameters, first of all, that cannot be measured by
conventional linear optics methods.

The present paper systematizes the main results of
investigations into the above-indicated problem
obtained with my participation. Investigations on the
problem of self-action of high-power laser pulses
propagating in the surface layer of the outdoor
atmosphere which comprises aerosol particles allow us
to formulate and to implement the idea of an aerosol
spectrochemical (ASC) lidar for elemental emission
analysis of aerosol substance in a remote laser spark and
opto-acoustic measurements of the meteorological
parameters.

A large part of this paper is concerned with the
results of investigations of a novel class of lidar
systems, namely, laser reception (LR) lidars, which
provide the record spectral sensitivity of path gas
analysis and detection of acoustic and microcapillary
waves. Highly nonlinear selective response of a laser
autodyne to external optical signals is used as a useful
physical phenomenon in the LR lidars.

1. SPECTROCHEMICAL AND OPTO-ACOUSTIC
MEASUREMENTS IN A LASER SPARK

1.1. ASC lidars

The aerosol spectrochemical lidar is based on an
analysis of remote laser-induced atomic emission spectra
of aerosol particles. It is highly selective.!™> When a
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analysis

and detection of acoustic and

high-power laser beam is focused into the atmosphere,
aerosol particles are heated to high temperatures upon
exposure to this beam and are evaporated. This process is
accompanied by the cascade ionization evolving in vapors
surrounding the particles. Atoms and molecules of vapors
are excited in the process of inelastic collisions with free
high-temperature plasma electrons.

The energy emitted from breakdown regions
formed in vapor-gas halos surrounding aerosol particles
is manifested through a set of spectral lines,
recombination continuum, and thermal radiation of
particles heated by laser radiation. Theoretical
calculation of the emission spectra is a complex
problem due to a wide variety of aerosol chemical
compositions and nonequilibrium levels of excitation in
plasma of the pulsed optical breakdown. In this
connection, the emphasis is on experimental
investigations in model aerosol media and the outdoor
atmosphere.2™9

The laser threshold power density I, required to
initiate the optical breakdown was determined in
Refs. 2—4 and 9 as a function of the size and number
density of aerosol particles. The most efficient source of
radiation for spectrochemical atmospheric applications
is a pulsed CO, laser at A =10.6 um, because the
majority of condensed substances have strong
absorption bands in this spectral region and the
efficiency of cascade ionization in vapors, proportional
to A2, is high.

The optical emission spectrum of a substance
induced by laser pulses with duration <1 ps is
electroluminescent by its nature due to a higher
temperature of free electrons in comparison with atoms
and molecules of the medium. This increases
significantly the signal-to-noise ratio as compared with
emission spectroscopy of equilibrium arc discharge.
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Our experiments also show that for coarsely
dispersed particles of different chemical compositions
with sizes greater than 3 um the breakdown threshold
power density of laser radiation is practically
independent of the particle sizes
Iy, = (1-3) - 107 W /cm?  at A =10.6 um).  For
submicron particles the threshold power density of laser
radiation increases monotonically and approaches the
clear air breakdown threshold
(I, = (2-3) - 109 W /cm? at A = 10.6 um). For large
number densities of coarsely dispersed aerosols the
breakdown threshold decreases by about an order of
magnitude because of cooperative low-threshold
mechanism of optical breakdown (I, =2 - 106 W /cm?
at A =10.6 um). It should be pointed out that
currently achieved energy parameters of lasers of other
types, in particular, Nd-glass and HF lasers, allow their
application to remote initiation of plasma formations by
aerosol particles as well.

The low-threshold breakdown initiated by aerosol
particles in the atmosphere is random in character due
to the random probability of turbulent overshoots of
the laser radiation intensity I (its speckle structure) on
the one hand, and on the other hand, the Poisson
statistics of the event that the aerosol particle with the
size exceeding the critical one a > a.(I) enters the
caustic of the focused laser beam.

The following equation is valid for the total
probability of plasma formations with the number
density Nopy:

PN =Ng) '] € f no(@) day,

der

exp —<fn0(d)da>l ,

Nth

where the angular brackets of the form (); denote
averaging over all possible spatial realizations of the
laser beam intensity I, ng (@) is the size distribution
function of aerosol particles, in ¢cm™3. The results of
numerical modeling of plasma formation statistics in
the atmosphere with the lognormal distribution of the
COy-laser radiation intensity (A =10.6 um) are
presented in Ref. 1.

In the mobile ASC lidar349 developed at the IAO
SB RAS the emission spectrum of aerosols is induced by
an electroionization CO, laser with maximum output
energy of 500 J per pulse, a pulse duration of 300 ns at
half maximum of the main peak and gradually falling
trailing edge of the pulse 1.5 pus long. A laser beam is
formed by a Cassegrain reflecting telescopic system
with a large parabolic mirror 500 mm in diameter and a
small hyperbolic mirror 110 mm in diameter. The focal
distance that specifies the sensing range is changed
from 50 to 250 m by the displacement of a counter
reflector. Scanning over elevation angles is performed
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by the rotation of the telescope around the horizontal
axis. The telescope detects simultaneously the radiation
emitted by plasma formations. This automatically
provides matching of receiving and transmitting lidar
channels. Laser and plasma light fluxes are split with a
plate fabricated from BaF,, which transmits the
radiation at A = 10.6 pm and reflects the visible plasma
radiation at the angle of total internal reflection. A
system of spectral recording of the plasma radiation
comprises a focusing lens, a diffraction spectrometer, a
TV camera with a built-in amplifier on microchannel
plates, and a display interfaced with an IBM PC. The
ASC lidar has the following specifications: sensing
range up to 250 m, spatial resolution 3-6 m, average
sensitivity to mass concentration 0.1-10.0 ug,/m3,
average relative error of 30%, and the number of
simultaneously measured elements up to 50. In analogy
with Ref. 33, to optimize the ratio of the signal to the
background continuum, we used temporal strobing of
the pulsed spectrum with 5-10 ps strobes.

Incorporation of an acoustic channel into the
spectrochemical  lidar allows us to determine
simultaneously the distance to the breakdown region
and the number density of plasma formations.

An important advantage of the method for direct
spectral analysis of elements based on their emission
spectra is its high sensitivity to small concentrations of
examined elements3:7:8,11=14 which allows us to monitor
mass concentrations of highly toxic and radioactive
elements. Figure 1 shows the mass concentration of
beryllium in aerosols inside a facility when the optical
air breakdown was induced by the pulsed COj-laser
radiation.” The vertical solid line indicates the
maximum permissible mass concentration of beryllium
inside a facility. An advantage of CO, laser over the
Nd-glass laser can be clearly seen in the region of
ultimately low mass concentrations. The figure
illustrates the feasibility of reliable detection of
ultimately low concentrations of beryllium.
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FIG. 1. Measurements  of  the beryllium  mass
concentration in aerosols inside a facility when the
optical air breakdown was induced by pulsed COy (1)
and Nd-glass (2) lasers. Here, Pg./ Py, is the ratio of
the signal power to the background noise power.
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Figure 2 illustrates the spectrum of the UO,F,
(uranyl fluoride) particles that initiated plasma
formations upon exposure to pulses of COs-laser
radiation® with a pulse duration of 1.5 us. Detection
was performed against the spectral line of uranium ion
at A = 409.013 nm.

Practically complete absence of the background
noise calls our attention. This allows us to identify
even weak lines of the uranium spectrum. In the course
of the experiments with uranyl fluoride dissolved in
distilled water the droplet sizes were varied from 100
um to 1 mm. The concentration of uranium atoms in
the breakdown region was less than 2 ppm. The
sensitivity achieved in the experiments on uranium
detection in solid particles was twice as high as the
maximum sensitivity reported in Ref. 14. In conclusion,
it should be mentioned that the method and
instrumentation described above can be used for an
express analysis of elemental composition of the
underlying surface.
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FIG. 2. Spectrum obtained by processing of a recorded
image. The time delay is 4.2 pus. Numbers 1 and 2
designate the lines of uranium ion at L = 409.013 and
411.610 nm, respectively.

1.2. Opto-acoustic methods for sensing of the
surface atmospheric layer

The acoustic radiation generated by the laser
breakdown in the atmosphere is of special interest for
the problem of sensing, because it bears information on
the laser radiation and gas-disperse medium which
absorbs this radiation. In addition, artificial source of
acoustic radiation induced by the laser radiation can be
used in conventional schemes of acoustic sounding, for
instance, to determine spectral acoustical and
meteorological parameters in the lower 1-km layer of
the atmosphere.15-18

A discrete laser spark in the atmosphere generates
optical and high-power broadband acoustic radiation.
The latter is a superposition of hydrodynamic
perturbations from individual plasma formations. The
sound pressure level reaches 100—150 dB at a distance
of 1.5 m from the laser spark.
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Acoustic effects accompanying the laser breakdown
in the outdoor atmosphere were studied as part of the
integrated experiment described in Refs. 15 and 16. The
maxima in the acoustic spectra were observed mainly in
the octave band centered at 4 kHz. Spectral wings
decayed with a rate of 6 dB per octave, in analogy with
a point explosion. Reflections of the sound wave from
the underlying surface make the acoustic signal
processing difficult and should be taken into account in
experimental design and performance in the surface
atmospheric layer.

The method for reconstruction of the critical size
of the particle initiating macrobreakdown a. from
acoustic measurements was developed in Ref. 15. It is
based on solving the equation

0

f no(a) da = (N (W),

der

where ng(a) is the initial particle size distribution
function, (Np,{(W)) is the number density of plasma
formations averaged over random realizations, which
depends on the laser pulse energy density W.

A number of methods for remote determination of
the atmospheric parameters including the temperature,
the wind velocity vector, the humidity, and the spectral
acoustic transparency harnessing opto-acoustic
phenomena in the laser spark are suggested in Refs. 16—
18. The essence of these methods is as follows. An opto-
acoustic laser radar measures in real time the frequency
spectra of acoustic signals and the time delay between
acoustic signal and light plasma pulse arrival at
different acoustic frequencies for a set of altitudes and
different arrangements of the acoustic source and
antennas. Then the desired parameters are determined
with the use of known analytical or tabular relations
between the measurable and atmospheric parameters.

2. LR LIDARS FOR ATMOSPHERIC GAS
ANALYSIS AND AUTODYNE MEASUREMENTS IN
OPTICAL DETECTION AND RANGING

2. 1. Autodyne method of echo-signal reception
on a laser

Laser reception lidars (LR lidars) harness the
physical effect of nonlinear response of a laser as a self-
oscillating circuit (autodyne) to a weak external optical
signal.1,19722

The laser radiation scattered by an external mirror
or a topographic object is selectively absorbed on the
atmospheric path and received by the laser. In the laser
cavity, it interacts with the reference radiation. If the
duration of the external signal exceeds the
characteristic photon lifetime in the laser cavity ¢y,
nonlinear redistribution of the laser power, generated at
competitive transitions and modes, is possible. Owing
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to the similarity of physical processes in the cavity with
active element, the LR-lidar methods have the spectral
sensitivity comparable with the method of intracavity
laser spectroscopy?3:24 (ICLS). These methods differ as
follows. In the case of ICLS, weak frequency-dependent
losses (a cell with an absorbing gas) are inserted into
the laser cavity, while in the LR-lidar method, a weak
frequency-dependent external signal enters the cavity.
Efficiency of the autodyne echo-signal reception
schemes, as in the case of conventional (off-cavity)
heterodyne reception, increases with the laser temporal
coherence.

Interest in the autodyne reception on the laser has
noticeably quickened in the last few years.2528 This is
connected with the possibility of significant gain in
spectral sensitivity (by several orders of magnitude) of
absorption laser gas analysis in case of remote detection
of ultimately low concentrations of gas pollutants and
vapors of highly toxic, narcotic, explosive, and other
substances. In addition, the laser reception significantly
improves the sensitivity and reduces noise in optical
heterodyning of coherent echo signals, which enlarges
the class of problems on optical detection and ranging,
Doppler measuring, and vibrometry that can be solved
by this method.

Specific requirements to the active element
pumping level and the laser cavity parameters can be
determined based on a theoretical analysis of broadband
laser response to a frequency-dependent external action.

Let u.(o, z, t) be the complex amplitudes of the
electric vector of optical fields propagating along the z
axis in opposite directions inside the laser cavity with
length 1.

Let us introduce the designation \/(ui uly==S.
Then in the simplest case, the operation of a linear laser
with a cavity formed by two mirrors with the power
reflection coefficients 7y and 7y, respectively, spaced
along the z axis is described by the following boundary
problem:

(+0/0z+0 ' 0/0t) S, =(k—PB) S, + /., €))

S0, 0,t) =r S (o, 0, 1), (@)
S*((Dy l) t) R 1) {S+(0~)) l; t) +

+ oy, it Silo, 1, t = 22/¢) + p, Bo(t) (rgp/ 1) 2 %
XS0, 1, ) So, 1, t —22/c)1"?y (3

where v and ¢ are the light velocities in the laser active
medium and the atmosphere, respectively; k(w) and B
are the coefficients of spectral amplification and
nonselective losses in the active medium; j, is the
power of spontaneous relaxation of excited centers of
the active medium; o is the radiation frequency; ¢ is

time; B.(t) is the coefficient of temporal correlation of
the reference and reflected fields in the image plane of
the receiving telescope averaged over the image
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aperture; coefficients p, and p. consider the
peculiarities of echo-signal reception. For completely
coherent reception, p, =0 and p. = 1. In the opposite
case, u, =1 and p,=0. The effective coefficient of
external laser radiation reflection 7.¢ from the mirror or
topographic object with albedo 73 is defined as a ratio
of returned radiation power and the emitted power
considering the transmittance of the output mirror (1 —
7’2)

R 2 4 r ‘
0 273 A
Veff:(22) (nd%)(l—rz) 7, XP —2faz(m,z)dz ,(4)
0

where d) is the diameter of the laser active element, R
is the aperture radius of the receiving telescope,
as(o, 2) = alo, 2) + a,(z) is the volume absorption
coefficient of the atmospheric aerosol and gas [cm™!]
including selective (a,) and nonselective (as compared
with the laser gain bandwidth) absorption coefficients
of gas and aerosol.

In its turn, the amplification coefficient k(w)
appearing in Eq. (1) is described either by a system of
balance equations for population kinetics of coupled
levels of laser transitions (for low-pressure gas lasers)
or by the integro-differential equation for the number
density of excited particles per unit of length for
nonuniformly (uniformly) broadened gain line shape of
solid-state (liquid) lasers.

To analyze signals recorded by a quadratic

photodetector, it is expedient to manipulate with the

root-mean-square photocurrent <i®>!"? determined by

the root-mean-square radiation intensity (radiant flux
density) inside the laser cavity of length I:

I
I=l_1f(5_+5+)dz.

0

Generally, the boundary problem expressed by
Eqgs.(1)—(3) with the equation for the laser
amplification coefficient k(@) and expression for the

temporal coherence function B.(t) of the scattered
radiation is very cumbersome.> 1921 Therefore, below
we restrict our consideration to a qualitative analysis of
specific asymptotic cases which satisfy the following
inequalities:

N3 =1, n3(Aty/Aty) >1, )
N3 <<1, nz(Aty/At) =1, 6)
N3 <<t, nz(Aty/At) <1, @)
N3 = My Teff + He (27’eff/7’2)1/2 Ec(t) : ®

a) In the first two cases described by
inequalities (5)—(6), the external echo-signal affects
highly nonlinearly the reference laser generation
regime. In practice, this leads to self-locking of laser
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frequency by the external signal, breakdown of laser
generation, elongation of spikes, and a decrease in the
frequencies of relaxation oscillations. At the same time,
the laser parameters including spectral sensitivity can
be controlled through variations of the parameter of
external signal n3, for instance, through variations of
the reflectance 7y of the laser output mirror. The effects
considered above were observed in the experiments with
ruby and Nd-glass lasers.1920 They are illustrated by
Fig. 1. For optimal parameters of the LR lidar with the
ruby laser, the spectral sensitivity to water vapor
absorption coefficient at A = 694.38 nm of the order of
oy~ 1.4 108 cm~! was achieved. This is the record
value for path measurements (z =160 m). The results
can be calibrated by means of temperature tuning of the
generation band to the molecular oxygen line
(A = 694.6 nm).
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FIG. 3. Spectral sensitivity of the LR lidar with the
ruby laser along 160-m path (determined from the
relative depth of the gap burned out on and off the
water vapor absorption line at ) = 694.3 nm) versus
the reflectance of the laser output mirror ry at nz = 0.1
(curve 1) and the efficient external reflectance at
n3 = 0.5 (curve 2). Curve 2' was calculated from
asymptotic formulas.

b) The case of weak echo signals characterized by
asymptotic condition (7) is of primary practical interest
for problems of remote gas analysis and autodyne
measurements.

In this case, Godlevskii et al.!9 derived the
following approximation formula for the average
radiation intensity inside the laser cavity I(w, z, ¢):

dr 2 [
Glieo(E) o()rom]-
=opg I {k(0) =Bp+ D " In[1+m3l}+0&, (9

where g is the filling of the laser cavity by the active
medium; By = Bo — Inlry 79) /21; & is the power density
of spontaneous optical noise per unit of length of the
cavity. Estimated relative variance in the laser
radiation intensity 8I/I, as a function of the echo
signal (without absorbing gas) is
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81/ Ig~ 3 (IB) " (1 + I,/1),

where I,/I, is the saturation parameter of laser
pumping. When it is equal to unity, the amplification
coefficient k(®) is halved. The approximation formula
for the spectral sensitivity of the LR lidar on the path
with the gas absorption coefficient o, at the frequency
o, and uniformly broadened amplification line shape of

the active medium takes the form

3I(wp) = 8D /Iy~ nzm” a,(z/D By (1+1,/1y),

where m =y/y, is the ratio of the amplification half-
linewidth to the gas absorption one.

Numerical modeling of dynamic parameters of a
narrow-band laser shows that external signal leads to
variation of the laser output power level 8/ through
relaxation oscillations with characteristic frequency
Qé ~(g—1) By v/t* = 10* = 10° Hz, where ¢ is the
excess of the laser active medium pumping over the
laser generation threshold and ¢* is time of spontaneous
relaxation. The maximum sensitivity of the LR lidar is
achieved at the instant of the build-up of the reference
laser generation, when (g —1) — + 0, and the laser
pumping modulation with frequencies close to Q.
Because of the turbulence and random character of
backscattering, partially coherent echo-signal reception
is generally realized on atmospheric paths (u, and
g, # 0 in Egs. (3) and (8)).

The special case of completely incoherent reception
(N3 = 7ot ~ 272) can be realized in practice when the
scales of spatial and temporal coherence of the fields
are small compared with the aperture diameter of the
receiving telescope 2R, and the photon transit time
along the path 2z /¢, respectively. Another special case
of completely coherent reception can be realized using
preliminary phase modulation of the output laser
radiation by axial oscillations of a rotating mirror and
subsequent synchronous detection of the amplitude of
oscillating component engendered by the interference
(coherent) interaction of the reference and scattered

fields. For coherent reception, ng= (2ry/r5)'" 2 B,

~ B,/ z and therefore this regime of autodyne reception
is most preferable for extended paths.

In practice, because of temporal and spatial
degradation of the mutual coherence of the reference
and scattered fields, the potentialities of coherent
reception cannot be fully realized. In particular, as for
conventional (off-cavity) reception, the lidar aperture
radius R, should not greatly exceed the spatial
coherence radius of the echo-signal field p.. In general,
p;2 = p;Z + paz, where p, ~ 2z/kR; is the spatial scale
of coherence caused by diffuse scattering on the
topographic surface illuminated with the spot of laser
beam with radius Ry; py = by \[8/3 (1.45 k* C22) 3/
is the spatial coherence radius caused by the
atmospheric turbulence with the structure parameter
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C,21; k=2n/X; by is the scaling factor considering the
double passage of radiation through the same
inhomogeneities and the geometry of the experiment. In
the specific case of external mirror reflector, the

condition p, > Ry is easily met. Then we obtain B, ~ 1

for Qn>V,/py and B,~ (0.4/1) p, Qy/V, for
Qn<V,/py, where Qp is the phase modulation
frequency of output radiation, V, is the average
atmospheric wind velocity component perpendicular to
the beam axis.
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FIG. 4. Sensitivity of the autodyne reception method
obtained for the LR-lidar with the low-pressure CO,
laser: a) intracavity (1) and conventional off-cavity
(2) echo-signal reception at the R(20) laser transition
shown by circles and crosses. The solid curve is

calculated at B, =0.5; b) ratio of laser powers
generated at the R(20) and P(20) transitions as a
function of optical thickness of atmospheric absorption
by water vapor (a,2). The transitions R(20) and
P(20) fall on and off selective absorption lines of the
HyO molecules, respectively. Curve 1 corresponds to
generation without competition (successively at the
R(20) and P(20) transitions). Curves 2 and 3
correspond to generation with competition between the
laser transitions (simultaneous generation at these
transitions). Curve 2 shows the emission at R(20) in
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the saturated regime. Curve 3 shows the emission at
the transition near the threshold of laser generation.

Figure 4 shows the sensitivity of the LR-lidar
method obtained using the low-pressure CO, laser
under laboratory conditions?? in comparison with the
sensitivity of the conventional (off-cavity) method of
homodyne reception (a). Additional gain in the spectral
sensitivity due to simultaneous measurements at two
competitive transitions of CO; laser is also shown in
the figure (b).

From these results it follows that autodyne
reception provides more than ten-fold gain in the
sensitivity of the lidar with CO, laser in case of one-
wavelength measurements. The gain is increased by a
factor of 10 in case of competition between the coupled
laser transitions. The last result was also verified in the
experiments2® performed at the TAO SB RAS with a
He-Ne laser operating simultaneously at 0.63 and
3.39 um. Absolute sensitivity for the above type of
autodyne CO, laser?6 was as high as 4 - 10717 W /Hz.
It can be increased with the increase of pumping
stability and temporal coherence of the reference laser,
incorporation of the autodyne reception scheme into
conventional electronic scheme of balance
measurements, and use of off-axis optics in the
transceiving reflecting telescope. Principal possibility of
using oncoming competitive laser beams, for instance,
in an annular laser (laser gyroscope) and bistatic
sounding scheme with a powerful laser transmitter and
a low-noise autodyne laser operating near its generation
threshold,!> which has not yet been checked
experimentally, also should be mentioned. In this
connection, the use of a hybrid laser in the schemes of
laser reception of echo-signals seems to be promising.26

2.2. LR—lidar models for supersensitive gas
analysis

A number of LR-lidar models for atmospheric gas
analysis that implement the idea of autodyne reception
were first developed and tested at the IAO SB RAS.
Laser sources on Ar, He-Ne, CO,, and the above-
mentioned ruby and Nd-glass lasers were used. 19722

Transitions at 496.5 and 515.5 nm were chosen as
working for the 1-W cw Ar*-ion laser of the LR lidar.
These laser lines fall on the center and wing of the NO,
absorption line in the atmosphere. Modulation
technique of autodyne reception at operating frequency
Q. =1kHz was used. The sensitivity to the NO,
concentration of about 0.05 ppb was achieved on 160 m
path. The laser autodyne simultaneously operates as an
optical filter with the bandwidth AQ ~ 0.001 cm™!.

A pilot model of multipurpose LR lidar with low-
pressure tunable CO, laser was developed in the
Laboratory of Nonlinear Optical Diagnostics.>22 At
present, this model is successively used at the IAO SB
RAS for experimental investigation of novel
modifications of the autodyne measurement method.26
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The laser can be discretely tuned by controllable
mirrors based on piezoceramic plates to 70 transitions of
P— and R- branches as well as to sequent bands
thereby providing tuning to the lines of selective
absorption of more than 30 gases and vapors such as
NHS, CH4, C2H6, 03, COQ, NO2, H20, and so on.

An example of path measurements of diurnal
variations of concentrations of some atmospheric
pollutants! using the LR lidar with the CO; laser is
shown in Fig. 5.
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1.8 8 INH;]; [C,H,] ppb !
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FIG. 5. Example of path gas analysis with the LR
lidar on the basis of the CO, laser tunable to
transitions of P— and R— branches. Diurnal behavior
of concentrations of C,H,;, NHs, and H,O in the
atmosphere in the vicinity of an industrial center was
measured on 500-m path.

The obtained experimental results demonstrate the
potentialities of the autodyne echo-signal reception
with CO, laser to solve such problems as monitoring of
the atmospheric turbulence,?? bathymetry30.3! detection
and ranging of dynamic characteristics of objects,!,26
and acoustic-optical detection.28 Let us consider the
last effect more closely.

2.3. Laser autodyne acoustic antennas

Principal possibility of developing extended (field)
antenna systems of a novel type for recording of
acoustic radiation power in the atmosphere and
establishing the position of a sound source based on
acoustic-optical interaction in atmospheric sections of
laser resonators was demonstrated in Ref. 28. When the
laser pumping parameter (g — 1) — + 0, acoustic
modulation of the Q- factor of the external
atmospheric section of the laser resonator with strong
feedback satisfying conditions (5) and (6), engenders
modulation of the detected laser radiation of the
autodyne. The external signal parameter nz, specified
by Eq. (8), must consider the phase run-on of the
optical wave along the beam axis caused by acoustic
perturbation of the medium. Our analysis demonstrates
that in case of the acoustic wave, propagating
perpendicular to the laser beam axis, the maximum
acoustic-optical intracavity interaction occurs when the
laser beam radius is equal to the acoustic radiation
wavelength. When the direction of the acoustic wave
propagation  deviates  from  perpendicular, the
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interaction is maximum if the odd number of acoustic
half-waves falls on the atmospheric section of the
resonator of length z. Figure 6 shows the results of
acoustic-optical measurements?® using the autodyne
lidar with the CO, laser. The effect of autodyne
acoustic-optical interaction established experimentally
calls for further theoretical and experimental
investigations.
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FIG. 6. Acoustic radiation spectrum Q(Q,.) of the
atmospheric source recorded by the laser autodyne
with an external mirror reflector. The solid curve
approximates experimental points. The hatched area
indicates the level of the intrinsic noise.

2.4.Laser autodyne detection of capillary
waves and adsorbed states at an interface

The high sensitivity of laser autodyne to external
signal amplitude and phase has been established by the
author for remote detection of small-amplitude and
high-frequency oscillations of the sea surface3?
(capillary and sound waves). The capillary waves are
important indicators of various oceanic processes
(internal waves) and sleek and films of surface-active
substances as well. In addition, the idea of developing
continuous information channel for communication
between the ocean and the atmosphere using an
underwater sound source and remote laser sounding of
the interface from an atmospheric platform seems to be
very attractive.

A series of experiments aimed at finding the
threshold sensitivity of the autodyne laser wave
detector (L = 10.6 um) to the sea surface roughness was
performed in a water reservoir using a calibrated source
of capillary waves.30 Instability of the laser frequency
was 10711, Figure 7a shows the measured level of
demodulated autodyne signal (Q, = 220 Hz) versus the
capillary wave amplitude. The signal is maximum when
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the amplitude of the capillary waves approaches the
quarter of the COj-laser wavelength. The threshold
sensitivity was determined by the electric noise of the
photodetector and was as high as A ,/10. The voltage
sensitivity was ~104 V /cm. The energy spectra of
capillary waves in the frequency range 200-2500 Hz
were obtained within the zone of sea surf. The spectra
peaked at 25, 102, and (0.6-2.5) - 103 Hz. The
feasibility of remote detection of high-frequency
spectra of water surface from the IL-14 aircraft-
laboratory (flight altitude z = 710-800 m, speed
V, =190 km /h) was  demonstrated in  the
experiments3! performed at the JAO SB RAS using
the autodyne lidar with the cw CO, laser with an
output power of ~2.7 W and a receiving telescope

160 mm in  diameter. The FSG-22A  cooled
photodetector was used for intracavity reception.
-Q, rel. units
1.5k
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a
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FIG. 7. Laboratory (a) and airborne (b) experiments
on detection of the high-frequency component of sea
surface roughness using the laser autodyne with the
COy laser. The sensitivity of coherent autodyne lidar
Q to microcapillary wave amplitude B at modulation
frequency Qp, =220 (a); the example of energy
spectrum of sea surface roughness measured by
scanning with the lidar field of view with a linear
speed of 190 km /h (b).
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An example of reconstruction of the energy spectrum
of reflected signal fluctuations is presented in Fig. 7b.

Thus, the method and means for laser autodyne
measurements provide supersensitive detection of not
only the spectra of low-frequency energy-carrying
waves, but also the most informative capillary
component of sea surface roughness in the frequency
range 10-10000 Hz.

In conclusion, the method of intracavity
adsorption (autodyne) spectroscopy of surface-active
substances, adsorbed gases, and aerosols should be
mentioned. It was suggested at the Laboratory headed
by the author.32 In that paper, substantially nonlinear
response of the ruby laser to adsorption and desorption
of molecules on the optical elements of the cavity was
found experimentally.

The zones of disturbance of total internal
reflection can be used as external sections of the laser
autodyne resonator, in particular, extended light guides
can be used for sensing of molecules of substances
adsorbed on the light guide surface.

I would like to acknowledge Academician
V.E. Zuev for his support of this work and creative
participation in the problem development.
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