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Interaction between the radiation of 30-kW repetitively pulsed CO, laser and air has been studied
both theoretically and experimentally. Based on the results of these studies, the peculiarities of the
interaction have been considered, which are significant in solving the problems on precisely delivering of

laser energy to remote objects.
Introduction

At present there are some promising research
problems called by the need in precisely transferring
high-power laser radiation through the atmosphere at
very long distances. These problems include energy
transfer to orbiting stations, destruction of space
debris, initiation of lightning discharges, development
of laser reaction-plasma engines, etc. In particular, the
idea of using laser radiation to launch spacecraft is very
interesting. The propulsion of such a spacecraft is
produced by the shock wave generated at optical
breakdown of a working gas in the area of focusing of a
high-power laser beam transferred to the spacecraft. As
was estimated by the authors of one of such projects, !
to launch a satellite having the mass of 120 kg using a
repetitively pulsed CO, laser, the laser radiation power
should be at the level of 100 MW.

The problem of efficient transfer of laser radiation
with the needed characteristics through the atmosphere
within a diffraction-limited spatial angle is one of the
main factors determining the possibility of solving the
above-mentioned problems, in particular, the problem
of launching spacecraft.

The most significant processes affecting the
characteristics of high-power laser radiation during its
propagation through the atmosphere are known rather
well. They include radiation extinction by atmospheric
gases and atmospheric aerosols, thermal blooming,
radiation scattering at turbulent inhomogeneities of the
atmosphere, and some other nonlinear effects. Generally
speaking, one or another method can be found to
describe each of these processes and the corresponding
estimates of its influence on laser beam characteristics
can be obtained. However, the complexity of the
problem is determined by the following. First, there are
some peculiarities in high-power laser radiation that
restrict the use of the numerical estimates of the effects
of radiation interaction with the atmosphere. Second,
one needs to take into account the joint effect of many
factors influencing the interaction.
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The interaction of radiation with the atmosphere is
mostly determined by the characteristics of the laser
radiation itself (wavelength, laser operating mode:
continuous wave or repetitively pulsed, mean and pulse
power, pulse repetition frequency, etc.). Therefore, for
understanding the processes of interaction of high-
power laser radiation with the atmosphere, complex
experimental studies of these processes for particular
lasers under atmospheric conditions are very important.
In this paper, we consider the peculiarities of transfer
of radiation of high-power repetitively pulsed
electroionization CO2 laser through the atmosphere.
Experiments were conducted along a near-ground
atmospheric path about 3 km long. The optical axis of
the laser beam was 3 to 4 m above the ground, the
power of the radiation varied from 3.4 to 30 kW, the
total energy emitted by a laser in a session was from 3
to 42 kJ, and the pulse repetition frequency was from
20 to 200 Hz.

The results of these studies have been considered
in detail in Refs. 2—4. This paper briefly reviews these
results as applied to the above mentioned problems and
considers some peculiarities of interaction, which can
play a principal role in transfer of the radiant energy to
the top of the atmosphere.

1. Extinction of CO,-laser radiation
by atmospheric gases and aerosols

The radiation emitted by a high-power CO; laser
is, as a rule, partially coherent with a complex spectral
shape of a pulse. Previous experiments® showed, in
particular, that the line profile of a repetitively pulsed
electroionization CO, laser consists of one or several
components with the width 2y = 4.7 01073 cm™! at the
level of 0.3 of the maximum intensity, and the separation
between the centers of the edge components does not
exceed 0.015 cm~!. Besides, it is known that because of
the effect of collisional shift, the center of the CO»-
laser line does not coincide with the center of the
absorption line of atmospheric CO5 and the value of
this detuning is different at different altitudes.
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To estimate the influence of these effects on the
passage of laser radiation through the atmosphere, the
following characteristics should be determined: the
collisional shift coefficient at the CO5 10P20 line (at
which the lasing occurs) for the case of collision with
the molecules of the atmosphere and the collisional shift
coefficients at the same line for collisions with molecules
of gases that form the active medium of the laser.

Omitting here detailed analysis of the available
literature data, let us only note the following
circumstances which are significant for the problem
under consideration.

Almost all studies of the shift of the COj-laser
line (except for Ref. 6) were performed at low
pressures in active media. The obtained values of the
shift coefficients of the laser frequency are low
(B<0.01 cm™! [htm™!) and are in agreement with each
other. These values are far lower than the values of
obtained in Refs. 7 and 8 by the methods of classic
spectroscopy for collisions with molecules in the air
under atmospheric pressure and in the above-mentioned
Ref. 6 for COy—He collisions at a high pressure of the
active medium (P < 6 atm).

Such a disagreement between the obtained results
can be partially caused by frequency pulling toward the
center of the amplification line. In Ref. 9 the frequency
pulling was close in value to the collisional shift.
However, the main cause, in our opinion, is the
dependence of the shift coefficient on the pressure of the
gas medium. This is evidenced by the results from
Ref. 10, in which it was shown that not only the value
of the shift coefficient, but the shift direction as well
can be different at different pressure. Thus, the shift
coefficient  Bco,-co, (1.57 £0.46) 11073 cm™! Catm™!
at P<(3-4)04atm proved to be equal to
-(2+1.3)0M03 ecm ! htm™! at the pressure about
0.01 atm. Consequently, the shift coefficient should be
measured at a pressure as close as possible to the
operating conditions of the electroionization CO5 laser
in the atmosphere. Let us present here the results of
studies with the instrumentation described in Ref. 8,
which allowed fulfillment of the above requirement.

The following values of the shift coefficient at the
CO, 10P20 line were obtained:

= Bcoy-air = 0.005 cm™! Catm™! for the collisions
in air;

- BCO2—N2—HS = (0006 + 0002) cm~! htm™! for
the case of collision of COy (one part) with nitrogen
molecules (two parts) and helium (three parts).

We use these values to estimate the effect of
collisional shift and nonmonochromaticity of the laser
radiation on the value of molecular absorption as the
laser radiation passes through the atmosphere. In
accordance with the technique described in Ref. 11, for
the transmission Tp, of the vertical path from the level
24 to the top of the atmosphere zy9 we have:

Thy = J g(v = v) T(V) dv, (1)
Av
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where g(v — vg) is the shape of the laser line with the
center at vy; S, f, and y are the intensity, line shape,
and halfwidth of the absorption line with the center at

v; u(2) is the content of the absorbing gas.

The results calculated for the midlatitudinal
summer are shown in Fig. 1. Curve 7 shows the
dependence of the transmission of the vertical path on
the altitude of the lower boundary ignoring the
collisional shift. The allowance for the shift of the
absorption line of atmospheric CO; leads to an
insignificant change of the transmission function, since
the shift occurs within the collisional halfwidth of
the line. The influence of the shift of the laser line is
more significant (curve 2), since in the upper
atmospheric layers the center of the laser line does not
coincide with the center of the narrow absorption line.
This effect is somewhat weaker (by about 2—3%), if we
take into account the limited width of the laser
line, which in our case is 0.004 cm~!. The allowance for
the complex structure of the laser line profile (curve 3)
in this case also does not lead to further “clearing-up”
of the atmosphere, since the parameters used according
to Ref. 5 lead to coincidence of the center of one
profile component with the center of the absorption
line in the lower atmospheric layers. Nevertheless, in
each case the transmission of the vertical path increases
by 1.4—1.5 times.
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Fig. 1. Transmission of vertical atmospheric path for radiation
at 10.6 pm.

As the results of field studies'213 on an open-path
showed, the characteristics of aerosol absorption Kj,
and scattering K. of COy-laser radiation in the near-
ground atmospheric layer also do not correspond to the
used standard models of the atmospheric extinction.
Analysis of the experimental data from Ref. 2 on the
extinction of radiation under different seasonal and
weather conditions showed that at poor visibility the
part of aerosol extinction can exceed significantly (by
an order of magnitude) the part of molecular
absorption. Using the wide variety of empirical and
semiempirical models of aerosol extinction available in
the literature, we certainly can select the most suitable
model to describe the dependence of the aerosol
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extinction coefficients K. on the meteorological
visibility range (MVR). Under conditions of good
visibility (MVR = 10 km), the closest agreement was
obtained with the use of the model of continental
aerosol,14 while the synoptic models gave good
agreement in the case of poor visibility. !>

However, the measurements of the scattering phase
function of the COy-laser radiation on the open path!3
showed that the scattering coefficient K. and the
relative part of the scattered radiation (K./Keyi) are
far (sometimes by an order of magnitude) less than the
values following from the model of Ref. 14. The shape
of the measured scattering phase function also differs
markedly. It turned out to be far more forward peaked
than it had been first supposed based on literature data.
In making attempts to use microphysical approach 16 for
calculating the aerosol scattering and aerosol extinction
coefficients, it turned out that the experimental values
of the scattering coefficient are also much lower than
the calculated ones. In contrast, the experimental
values of the aerosol extinction coefficient K.y are
about twice as large as the calculated ones. The results
of these measurements and calculations are given in
Table 1.

This fact indicates that the values of the real and
imaginary parts of the aerosol refractive index at the
wavelength of 10.6 um are likely to be corrected. The
noted circumstances should be kept in mind when
considering one of the principal mechanisms of nonlinear
interaction — the effect of thermal defocusing of laser
radiation. The strength of this effect depends on the
energy of laser radiation absorbed by the atmosphere
and, consequently, on the imaginary part of the aerosol
refractive index.

3. Efficiency of delivery of COs-laser
radiation with power up to 30 kW
along atmospheric paths

As high-power laser beam passes through the
atmosphere, some nonlinear effects occur and influence
the efficiency of radiation transfer. Among these
effects, the effect of thermal blooming is known as
having one of the lowest threshold. The influence of
this effect depends on the time of air heating in the
beam propagation channel, the radiation intensity
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distribution over the beam aperture, and the processes
of heat removal from the propagation channel.
As repeated laser pulses pass through the atmosphere,
the accompanying effects can differ from those
in the case of continuous-wave radiation. Besides, the
atmospheric turbulence, which leads to broadening
of laser beams and random walks of its axis,
increases the effective radius of the beam, what also
influences the manifestation of the thermal blooming
effect.

Therefore, in the experimental studies of the effect
of thermal blooming on a near ground atmospheric
path,3 the specialized techniques for direct monitoring
of the state of the atmospheric channel of laser beam
propagation were used. These techniques provide
measurements of aberrations induced by COj-laser
radiation based on the wave front distortions of the
He—Ne-laser radiation propagating along the same path
but in the opposite direction. To monitor the wave
front distortions of the sensing radiation (A = 0.63 pm),
two modifications of the Hartmann method with
measurement of local tilts of a great number of small
areas (subapertures) of the wave surface were used. In
the first modification, the aperture of the wave front of
the sensing radiation was limited by a diaphragm with
a ring-like hole, what made the measurements of wave
front tilts feasible only in the radial axial cross sections
of the beam with a separated-out ring aperture. In the
other modification, a mask with 25 round holes was
used as a diaphragm. The mask fully overlapped the
beam aperture. To provide for the limiting sensitivity of
measurements of the local tilts of wave front
subapertures and to exclude mutual overlapping of
beams focused by the objective, an array of optical
wedges was used. The optical wedges directed the
beams toward the objective at different angles.

To determine aberrations of the optical path during
laser generation series, the values of the maximum
change of the mutual inclination angle (8,,) of radial
symmetric (by the position on the ring subaperture in
the first modification of the measurement technique)
wave front areas of the sensing radiation in the vertical
and horizontal planes were used, as well as (for the
second modification) the values of the maximum change
of the angle 6,,,, of mutual inclination of wave front
subapertures of the sensing radiation in the horizontal
and vertical planes.

Table 1. Coefficients of aerosol extinction and scattering at the wavelength of 10.6 pm

Temperature, °C | 1041 | 1719 | 15..18 | 14.18 | 15..18 | 13.14
Humidity, % | 70..80  52.63  57.70  70..90  82.91  57..90
Sy km 914 7.3 7.3  5.13 12 9..13
Ky expr 1/km 250104 30108 1.6 01073 4.0 010
Ke cater 1/km 50109 32010° 301073 1.0 0103
Kextexpr 1/km | 0.067  0.029 0.02 0.1 0.021 0.045
Kext cale 1/km 0.03 0.01 0.016  0.067  0.012 0.015
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Table 2

fy Pr: ZErv ¢ k V, VD: exmaxv e]/max:
Hz W /cm? kJ abs v m/s m/s 1074 rad | 1074 rad
50 7.8 25.3 0.54 0.46 7° 3.4 0.5 1.5 1.9
50 8.1 17.5 0.42 0.56 107° 1.4 1.3 2.3 0
50 9.4 19.4 0.52 0.43 17° 3.3 1.0 1.5 11
50 9.4 20 0.38 0.48 107° 0.8 0.8 1.5 1.5
100 15.9 34.8 0.34 0.43 102° 1.4 1.4 3.8 4.5
100 18.9 35.9 0.36 0.4 287° 1.6 1.5 3.8 3.3
200 19.7 21.0 0.5 0.39 27° 4.5 2.0 3.4 5.3
200 23.0 41.7 0.33 0.49 107° 0.8 0.8 7.0 6.4

Note. fis the pulse repetition frequency; P, is the mean power density of the radiation in the beginning of
the path; ZE, is the total energy of laser pulses in the series; ¢ is the series mean energy emitted into the solid
angle of 61074 rad; ks is the absorption coefficient of the path (L = 2.81 km); y is the orientation of the wind
direction with respect to the direction of the optical path; V is the wind velocity during the series; Vg is the
transverse component of the wind velocity with respect to the atmospheric path; 6,y.y is the maximum relative
angular aberration of the optical path in the horizontal plane; 8,y is the maximum relative angular aberration of

the optical path in the vertical plane.

Table 2 presents the measured values of 6,,,, along
with the main experimental conditions. These data
were obtained in summer experiments with the laser
operated along the path with the length L = 2.81 km.
The laser generation series lasted from 1 to 3s. In
determination of 6,y the results of measurements
of thermal deformations of optical elements set in the
path of the high-power beam were taken into account.
In summer experiments with the limiting power
030 kW and the atmospheric path with the length
L =27km, angular aberrations 8,,, achieved
6 — 7074 rad. In winter experiments with the power
020 kW and the paths of 0.9 -2.1km long,
Omax = 3 01074 rad. The obtained data indicate that
Onax directly depends on the total energy of laser
radiation having passed the path and on the pulse
repetition frequency. At the same time, (probably,
because of the limited volume of experimental data) we
failed to find the dependence of 6., on other
experimental conditions.

Nevertheless, the obtained data agree with the
estimates of typical values of the power density of laser
radiation at which the effect of thermal blooming
manifests itself in the atmosphere.!” For summer
conditions and at the cross wind of 2 m /s at a 3-km
long atmospheric path, the maximum possible radiation
power at the path’s entrance should be no higher than
15 W /cm? for the effect of thermal blooming not to
manifest itself.

To estimate the influence of thermal blooming on
the radiation intensity distribution over the aperture of
the focused beam, the latter is to be focused onto a
remote object provided that the radiation power density
at the path’s entrance is lower than 15 W /cm2, it was
proposed in Ref. 3 to use the normalized coefficient of
radiation delivery within a small solid angle

K¢ = Eq¢/ (T Egg), (2)

where Egy is the maximum energy delivered per pulse
into the receiving aperture with the angular size ¢; Egq
is the radiant energy in the same laser pulse and within
the same angle, but at the path’s entrance; T is the
transmission coefficient of the atmospheric path.

It was found that in this case the delivery
coefficient is a function of the nonlinear phase change
A, calculated only for the area of beam caustic on the
path:

d
Dby = 2"# als Ps/(\p Vyds Cp), 3)

where dg is the integrated over the series of pulses
beam diameter in caustic with due regard for the beam
wandering; Pg is the power of radiation delivered to
the area of caustic; [g is the caustic length; a is the
absorption coefficient of the atmosphere; V7 is the cross
component of the wind velocity.
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Fig. 2. Experimental dependence of the normalized coefficient
of laser energy delivery Ky on the nonlinear phase change Ady
in the summer cycle of experiments on propagation of
radiation of repetitively pulsed CO, laser.



406 Atmos. Oceanic Opt. /May 2000/ Vol. 13, No. 5

Figure 2 illustrates the experimental dependence of
the normalized coefficient of delivery of laser energy K,
on the value of the nonlinear phase change A¢,
obtained in the summer cycle of experiments.3 The solid
curve in Fig. 2 is the exponential approximation of the
experimental data obtained by the method of least
squares. It is seen that already as the power density of
the laser beam in the area of caustic was 20 —40 W /cm?
in the experiments, the efficiency of radiation delivery
in the small (less than the diffraction-limited one)
spatial angle fell down significantly.

Figure 2 shows only that experimental data, for
which the state of the atmospheric path was
characterized by a relatively low level of turbulent
perturbations. At a strong turbulence (that is, at
C,21 > 2014 m2/3), we did not observe a correlation
between the above parameters because of the strong (up
to speckling) distortions of the radiation intensity
distribution over the laser beam aperture.

As the experiments showed,? the atmospheric
turbulence is the main factor, which significantly
restricts the efficiency of precise delivery of COj-laser
radiation with power up to 35 kW along the near-
ground atmospheric paths. For analysis of these
restrictions we considered such characteristics of the
beam as the variance of random shifts of the energy
centroid of the laser beam 0% and the mean intensity at
the beam axis after it passed through a turbulent
atmospheric layer.

Figure 3 shows the dependence of these parameters
on the structure constant of fluctuations of the refractive
index C,ZZ. These data were obtained in the same summer
cycle of experiments along the atmospheric path
2.81 km long.2 The experimental data in Fig. 3
corresponds to the laser operation series no less than
1.5 s in duration. It is seen that the marked influence
of the atmospheric turbulence both on the stability of
the spatial position of the laser beam and on the mean
radiation intensity manifests itself at C2 > 10~14 m=2/3
(under the conditions of the experiment).
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© ‘g
2 6f b5
& E
(" | kel
% 4 i1 E
: <
s °f :
o Z
2 0 . J 1 0.1
1053 1074 10713 10712

Structure constant of fluctuations

of the refractive index, C2 nr2A
Fig. 3. Influence of the atmospheric turbulence on the value of
random shifts and the intensity at the axis of the beam of
repetitively pulsed CO; laser for a 2.81-km long near-ground
atmospheric path.

In this case, random shifts of the energy centroid
of the beam become comparable with its diffraction-
limited size. It should be noted that in the experiments

V.M. Osipov et al.

the radius of the diffraction-limited beam focused at the
distance of 2.81 km was equal to 7 cm.

The variance of random shifts of the laser beam
with the Gaussian intensity distribution is described by
the following equations!8:

5 =(8/9) &, 52,

8, =152C 1 a7, (4)
1
6%2341/31 (1 - 2% x
0
x {agf‘f/3 (xL) - [ae%f(xL) +a’b] % da.
Here b is the outer scale of turbulence; aqp is the
effective beam radius in the turbulent atmosphere

agr=(@*/Q) 1 +d*/ag + (4/3) a/p°], (5)

where aj, = (1.45 C2 k? L)%/5 is the coherence length

of the field of the plane wave; Q= kaz/L is the
Fresnel number of the transmitting aperture; a is the
initial beam radius.

In particular, Fig. 3 shows the calculated results
on the variance of random shifts for beams with the
initial wave front curvature corresponding to either the
diffraction divergence of the beam (A /2a — curve 1) or
four times higher divergence (curve 2), i.e., that
observed in the experiments. In this case, the parameter
b characterizing the outer scale of turbulence was

calculated by the equation b =2 (H/STW)Z, in which
H is the mean altitude of the path above the ground. !8

Comparing the experimental and calculated data,
we can conclude that the initial divergence of the laser
beam (i.e., curvature of its wave front) only slightly
affects the variance of random spatial walks of the
beam in a strongly turbulent atmosphere.

Figure 3 also shows the calculated values of the
mean normalized intensity for Gaussian beams with the
initial radius two and three times less than the original one
(curves 3 and 4, respectively). For calculations we used
the analytical equations from Ref. 20, which describe the
distribution of the mean intensity in the cross section of
the Gauss laser beam in the turbulent atmosphere:

<I(R)> _ L J Jo(2R \/t/ad) X
0

g

1
X exp H t =5 Ds Qa/gy) t5/6Hdt, (6)

where P is the radiation power; a; = Lgy/Ka is the
beam radius in the homogeneous medium; J(z) is the
zero-order Bessel function. For the focused beam
g% =1+d / a%.

It is seen that the initial divergence of laser
radiation strongly affects the mean intensity at the
beam axis in the turbulent atmosphere. At a weak
turbulence, the improvement of the beam quality at the
path’s entrance allows the radiation intensity at a given
point of a remote receiver to be increased, however at a
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strong atmospheric turbulence the quality of the laser
beam practically does not influence the axial brightness
of radiation at the receiver.

From the practical point of view, it is important
to determine such optimal combination of the
parameters of a laser source and a telescope system,
with which it is possible to avoid compensating for the
influence of the atmosphere on the accuracy of
radiation delivery.

Figure 4 shows the calculated dependence of the
mean intensity at the beam axis on the aperture of the
primary mirror of a forming telescope and the initial beam
divergence. The calculation was performed with the use
of Eq. (6) for two lengths of the atmospheric path (1 and
3 km) and for the altitude of 3—4 m above the ground,
i.e., under the same conditions as the experimental ones.
From the comparison of the curves in Figs. 4a and b it
is clear that at a long path (longer than 3 km) and at
strong turbulence (C,27 > 10013 m=2/3) the improvement
of the beam divergence from four diffraction angles to
one is tantamount to the increase of the exit aperture of
the telescope up to 0.6-0.8 m. At a weak turbulence,
the intensity at the beam axis can be significantly
increased by increasing the exit aperture of the
telescope, but it is impossible at strong turbulence.
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Fig. 4. Dependence of mean intensity at the beam axis in the
turbulent atmosphere on the aperture of a forming optical
system. The path length is 1000 m (7, 2) and 3000 m (3, 4).
The radiation divergence is diffraction one (7, 3) and four
times wider (2, 4). Cﬁ =1 M0 m23 (qa) and Ci =
=1 010713 m=2/3 (b).
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Thus, experimental results and numerical
estimates under the considered conditions indicate the
weak dependence of the spot wandering on the
radiation wavelength, divergence, and the initial size of
the laser beam. So, to optimize the radiation delivery in
the turbulent atmosphere, specialized algorithms should
be developed to control over the laser beam.

An original algorithm for stabilization of the
position of a high-power laser beam has been proposed
at the R&D  Institute for Laser  Physics
(St. Petersburg).20 It is based on stabilization of the
position of the point of maximum intensity in the beam
cross section, rather than the beam centroid. The
brightest speckle in the intensity distribution over the
beam aperture is such a point for the beam passing
through the turbulent atmosphere. The method is based
on active search for the optimal direction of a high-
power laser beam with the help of a probing radiation
at the same wavelength.

The main requirement to the implementation of
this algorithm is coincidence, to a high accuracy, of the
wave fronts of the probing and high-power beams. The
control criterion is given by the level of power of the
reflected signal of the trial radiation. The high-power
laser pulse is generated when the level of the trial
signal is maximum. If optical distortions at the beam
propagation path are frozen for the time of double
passage of the trial beam, then we can expect that they
will be partially compensated due to stabilization of the
position of the high-power beam at the given point of
the receiver.

To provide for coincidence of the wave fronts of
the probing and high-power beams, in Ref. 20 the
optical scheme of the master oscillator of the probing
radiation was proposed to be the so-called scheme of a
two-mode oscillator capable of operating in both the
continuous-wave and repetitively pulsed modes, and the
high-power laser was proposed to be assembled using the
scheme of a two-passage amplifier with an OWF mirror.
Obviously, the accuracy of coincidence of the wave
fronts in this case is mostly determined by the accuracy
of OWF compensation of optical inhomogeneities in the
active medium of the high-power laser.

This algorithm was checked with the use of an
electroionization CO, laser and an interior (laboratory)
atmospheric path 230 m long. The results of this check
are presented in Ref. 4. The atmospheric turbulence
along the laboratory path was simulated by use of extra
aberrators of a laser beam. The aberrators introduced
both long-scale distortions of a beam (in the form of
dynamic deflections of the beam within + A /D) and
small-scale ones simulating beam speckling. As this
took place, the character and dynamics of laser beam
changes at the end of the path simulated the behavior
of a laser beam at an actual 3-km long near-ground
atmospheric path (with C2 010713 m=2/3).

Table 3 gives the main results obtained in the
check of the algorithm of “bright speckle” under
different conditions of beam propagation along the
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atmospheric path. Two parameters are used to make up
a criterion of the algorithm efficiency: the parameter of
radiation delivery n and the angular deviation of the
bright speckle from a given position (A8). The
parameter n was determined as the ratio of the laser
pulse energy falling within the aperture with the
angular size 0.35 A /D with allowance made for the loss
along the path to the energy contained within the same
angle but at the amplifier output.

Table 3. Results of the check of the bright speckle
algorithm along the laboratory path

™1 Vo2 Laser Wit}?O ut Wlth
mode algorithm algorithm
n/D) A6 (A\/D) n(\/D) A8 (A\/D)
+ - 1Hz 0.16 0.92 0.42 0.35
+ - 20Hz 0.13 1.69 0.38 0.40
+ + 1Hz 0.06 1.88 0.22 0.31
+ + 20Hz 0.04 1.89 0.17 0.33

When only the aberrator (IM1) introducing large-
scale aberrations in the laser beam was turned on, the
run of the algorithm led to a 3 to 7 times increase of
the series mean efficiency of radiation delivery. The
maximum value of n in this case was 0.48. When a
simulator of small-scale aberrations (IM2) was turned
on, the value of n did not exceed 0.25 even if the
central maximum fell within the aperture of the remote
receiver with a sufficient accuracy. The decrease of the
delivered energy in this case is caused by the decrease
of the energy density in the central maximum of the
beam intensity distribution because of the appearance of
extra lateral maxima (speckles). Nevertheless, the run
of the stabilization algorithm also led to a 3 to 4 times
increase of the efficiency of radiation delivery and to
the decrease of the mean deviation of the bright speckle
from a given position (A8) up to 0.3 A/D.

As analysis of the experiments showed,
stabilization of the spatial position of the high-power
beam with the use of the algorithm of bright speckle
was restricted, first of all, by replacement of the OWF
mirror with a corner-cube retroreflector.

To determine the required accuracy with which
the wave fronts of the high-power and probing beams
coincide in the case that these beams pass through the
turbulent atmosphere, let us consider in a more detail
the influence of such factors as different positions of
the beam axes and different curvature of their wave
fronts at the path’s entrance on decorrelation of speckle
patterns of both beams.

The correlation function of speckles in the
observation plane can be a measure of decorrelation of
speckle patterns. As the scanning coherent radiation
passes through a turbulent layer in the atmosphere, a
dynamical speckle pattern arises, i.e., the spatial
structure of the scattered radiation varies with time
depending on the scanning angle.

To relate the fields of the beam with the scanning
angle O, let us consider a fixed coordinate system
(x, y, z) (Fig. 5), in which the axis z is normal to the

V.M. Osipov et al.

observation plane; 0 is the angle between the normal to
the observation plane (axis z) and the direction of the
beam propagation (axis z'). Assuming that scanning
occurs near the normal to the surface (8 <<m/2;
sin@ 08; cosB 01) and the radiation source is in the
plane z =0, we can write the field in the plane 7
(z = 0) retaining only the terms of the first order of
smallness in terms of the angle 6:

Ei(x, 8) = Ejexp {~ /0% &+ yz) -
— ikx® — [ik /2] (% + yD)}, (7)

x = (x, y), the term i¢ (initial phase) in braces is
omitted.

1 2
x’ 4 x /VZ'

50
Radiaton \ L Observation
source plane

Fig. 5. Optical arrangement used in calculating correlation
functions of dynamical spatial structure of scattered radiation.

The field of a light wave that passed through the
turbulent layer and achieved the observation plane can
be written based on the generalized Huygens—

Kirchhoff method2?! in the Fresnel diffraction
approximation:
. ikl ;
ie ik
Ey(x, 0) =5 L[ E((xq, 0) exp %27 x

x [(x—x)? + (= gyl + W(x, L; xq, o)ﬁdx1 dyy, (8)

where W(x, L; xq, 0) determines the random change of
the complex phase as the spherical wave propagates
from the point (x, 0) to the point (x4, L).

The correlation function of the light field in the
observation plane (plane 2 in Fig. 5) for the beams
propagating through the turbulent layer at different
angles 6; and 6, with respect to the normal to the
observation plane can be written as:

C(x, 8y, 8y) = <Ex(x, 8)) E5(x, 8)> =
1 +oo
N ()\L)2 Il E1(X1v 61) E;(XQ, 62) X
8 <eXp {LIJ(X, L, X1, O) + qJ*(X) Lr X9, 0)}>X
[(x - X1)2 + (y — y1)2 _

o Lk
expEI oL

— (- - (y - y2)2jﬁdx1 dyy doey dys. (9)
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In the case of the normal distribution of the change
of the complex phase W, the moment of the vector e
can be presented as?!:

<exp [W(x, L; xq, 0) + W(x, L; X, 0)]> =

= exp {~x; — x,07 > /ag}, (10)

where o = (0.545625 C2 Lk*)™!, C2 is the structure

constant of the atmospheric refractive index.

Equation (10) was derived based on the
Kolmogorov model for the spectrum of fluctuations of
the refractive index of the turbulent atmosphere. In the
general case, Eq. (9) cannot be integrated analytically
with the allowance for Eq. (10). Therefore, sometimes
the approximate substitution is used in the equations
for statistical moments2!:

exp (- x5/3/0(0) - exp (- x2/a8/5). (1)

Denote 13 = (0.545625 C2 Lk?) 5/

Upon integration of Eq. (9) with the allowance
for Egs. (10) and (11) and substitution of variables, we
obtain:

C(x, 0y, 8y) = [E3 1€ w? /(\2 L? 20/)] x
x exp (- kzsze/S) X
x exp {~ k2/40 [+ y») /L* — xSe/L + S3/4 —

' 1612 03 (1 + L/p)? + (ikPw?) /2L x

x (x/L —59/2) Ng (1 +L/p)]}. (12)
Here
Dg = 61 + By; Se =01 =0y
1 1 ko’ Lg
=—=+5+ +—=H. 13
Q=072 13 8LZB P (13

In accordance with the Eqgs. (9) and (10), for the
absolute value of the normalized correlation function
we have

V(Do) = exp {— k*w? /(815 Q) D). (14)

Figure 6 shows the dependence of the normalized
correlation function on the difference of the scanning
angles Ag. Curve a in Fig. 6 was calculated for the
laboratory conditions: the path with the length
L = 240 m, parameters of the initial beams w = 65 mm,
Pp=-240m (the radiation is focused to the
observation plane); the level of turbulence on the path
corresponds to C2=200712m=2/3, B2=0.309 (p2=
=1.23 C?, R'/6x L1/ is the parameter characterizing
fluctuations of the plane wave). The parameter C,21 and,
correspondingly, B2 were chosen so that the intensity
distribution, averaged over the ensemble of realizations,
in the observation plane was closest to similar
distribution in the case when turbulence is simulated by
a phase screen with the parameters presented in Ref. 3.
It is seen from Fig. 6a that the width of the normalized
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correlation function at the level of e™! is equal to
1074 rad; at the level of 0.9 it is about 5 107> rad.
Thus, significant decorrelation can occur when the
scanning angle is changed by 1074 rad (i.e., when the
angles of inclination of the scanning and the high-power
beams differ by this value). If it is needed to reproduce
the speckle pattern with higher accuracy, for example,
for the correlation to be y(x, 84, 65) = 0.95 — 0.9, then
the difference between these angles should be within
(1 =3) 007 rad.

v (AB)

0.8

0.6

0.4

0 3 6 9 12 15 18 21 24 27 30
A9, 1077 rad

Fig. 6. Normalized correlation function of radiation in the
observation plane for Gaussian beams that passed through the
turbulent layer at different angles 6; and 6, with respect to
the observation plane (Ag=0;—8y): L =240 m, @ =65 mm,
p=-240m, C2=2 010712 m2/3, B2 =0.309 (a); L =3 km,
p=-3km, @=25cm, C2=2010"13 m2/3 B2=1.584 (b).

The degree of correlation significantly depends on
the beam path length and the level of turbulence at the
path, and in the general case it is determined by the
parameter B2. Figure 6b shows the corresponding data
calculated for the path with the length L =3 km for
p=-3km and @ =25cm with the parameters of

turbulence Cfi =200 13 m2/3, that is, B2=1.584.
It is seen that in this case the requirements to
the coincidence of the beams relative to the tilts of
their wave fronts are more strict, namely, for the
correlation level of e! they must coincide accurate to
02075 rad, and for the level of 0.9 they must
coincide accurate to 5 076 rad. That is, the accuracy
should be an order of magnitude higher than that
achieved on the model laboratory path.

The requirements to coincidence, in the observation
plane, of the wave front curvature of the beams passed
through the turbulent atmospheric layer can be
determined in a similar way. In this case, the
correlation function in the observation plane for the
Gaussian beams with different radii of curvature of the
wave fronts at the turbulent medium entrance, p; and
Py, but with the same beam radius w at the level of
intensity of €2 can be determined as
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C(x, p1, p) = <Ex(x, py) E5(x, pp)>.  (15)

Similarly to the above consideration [by
substituting Eq. (8) into Eq. (15), using Eq. (10) in
the approximation (11), and integrating], we have for
the correlation function that

C(x, py, pp) = E§ ¢/ N2 L2 E-l2—+iDQ2 x

@* 20,00
x exp (k2 (x> + y2) /(4L% Q) (16)
where
0, - ik L K .
220 8B T I§ 16, [(2/w?) + ik /(28)]
44 1 4 1 12
Dy prop2 Sy PP LT

Figure 7 shows the plots of the normalized
correlation function

c(py, p) =0C(x, py, P2) /C(x, py, pO,  (17)

calculated at the origin of coordinate in the observation
plane x =0, y = 0.

The dependence of the correlation function (curve
in Fig. 7a) on the value of py at a fixed value of p; was
calculated for the laboratory conditions: the path with
the length L =240 m, the beam radius @w = 65 mm at
the level of intensity of e™2, p; = =240 m (the radiation
is focused onto the observation plane); the level of

turbulence on the path corresponds to C,21 =200 12 m
2/3, B2 =0.309. Figure 7b shows similar dependence
corresponding to the path with L =3 km, i.e., p; =
=—-3km, w =25cm with the turbulence parameters

C2=200713 m2/3, B2 = 1.584.

—6000 —4800 -3600

-2400
clp, py

-1200 0

Py

0.8+

0.4r

0.2

0 L I ! L !
-500 -400 -300 =200 -100 p,,m 0

Fig. 7. Normalized correlation function of radiation for beams
with different curvature lengths of wave front p; and py upon
propagation through the turbulent layer: p; =— 240 m, x =0,

y=0(@); p1=-3000m; x=0,y=0(b).

As is seen from the plots, the requirements to
coincidence of the curvature of wave fronts of the
scanning and high-power beams are less strict. The
normalized correlation function decays no lower than
0.9 when the wave fronts coincide accurate to = 10%.
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As calculations show, the requirements to the quality of
the OWF mirror which should be used in a double-pass
amplifier are rather high.

Conclusion

Based on analysis of the experimental results on
passage of the radiation of a high-power repetitively
pulsed CO; laser through the atmosphere and the
numerical estimates, the peculiarities significant for
radiation delivery to remote objects have been revealed
in interaction of such radiation with the atmosphere.
Direct measurement of the optical quality of the
atmospheric path of the high-power beam confirms the
appearance of thermal distortions of this path at the
radiation power density at the path’s entrance no lower
than 15 W /cm2. At the power density of the laser
beam of 20 — 40 W /cm? in the area of caustic, the
efficiency of radiation delivery into a small (less than
the diffraction size) spatial angle decreases markedly.
Under atmospheric conditions, the effect of thermal
blooming is partially screened by the atmospheric
turbulence and, on the whole, only slightly affects the
efficiency of radiation delivery. It has been shown that
to estimate this effect correctly, one needs to correct
the values of the real and imaginary parts of the
refractive index of atmospheric aerosols at the
wavelength of 10.6 pm, which are usually used in
calculations of the absorbed laser energy. (The
problems of nonlinear extinction in water aerosol were
considered in detail in Refs. 22 and 23.)

The efficiency of transfer of high-power radiation
through the atmosphere is markedly affected by such
factors as insufficient monochromaticity of the laser
line and collisional shifts of the center of the laser line
and the center of the absorption line of the atmospheric
carbon dioxide.

The atmospheric turbulence significantly limits the
efficiency of delivery of CO,-laser radiation with power
up to 30 kW along the near-ground atmospheric paths.
The experimental results and numerical estimates under
the considered conditions are indicative of the weak
dependence of spot walks on the divergence and the
initial size of the laser beam.

As analysis shows, the radiation intensity at the
beam axis cannot be significantly improved by increasing
the exit aperture of the forming telescope under
conditions of a strong turbulence (C,% > 10713 m=2/3), a
specialized algorithm for controlling the laser beam
should be developed for optimizing the radiation
delivery in the turbulent atmosphere. Capabilities of
one such algorithm — the algorithm of bright speckle —
have been considered as applied to stabilization of the
beam position at a remote receiver, and the
requirements to the accuracy of coincidence of the wave
fronts of the probing and high-power laser beams have
been determined to provide for efficient operation of
the algorithm.
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