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This paper presents the results of theoretical studies on the propagation through
the atmosphere of wide-aperture laser beams (i.e., those whose diffraction length is
much larger than the thickness of the active atmospheric layer with thermal blooming
taken into account. The average energy characteristics of the beams in the observation
plane are calculated for both partially and completely coherent laser radiation. The re-
sults obtained for both of these cases are shown to be in good mutual agreement over a
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wide range of laser radiation output parameters.

In recent years there has been no lack of inter-
est in the problem of atmospheric long-range trans-
port of laser radiation energy.! For lasers operating
in the TR the most important effects which deter-
mine the fraction of energy transported are molecu-
lar absorption, thermal self-action, and eddy bloom-
ing.* The beam divergence in a laser constructed to
transmit energy through the atmosphere exceeds the
diffraction limit by a factor of several units. Such a
beam divergence is the result of various physical
processes occurring within the active laser medium
(see, e.g.. Ref. 5), the multimode structure of the
outgoing radiation,® and other causes.

The diverse nature, the variety, and the statisti-
cal independence of the physical mechanisms leading
to the deterioration of the divergence characteristics
of the laser significantly hinder a deterministic de-
scription of the phase parameters of the laser radia-
tion. Therefore statistical approaches seem to be the
most promising for describing such characteristics of
IR lasers;*” these assume partial coherence of the
laser radiation. However, numerical modeling of the
propagation of partially coherent laser radiation
through the atmosphere meets with additional diffi-
culties, associated with the higher dimensionality of
the investigated functions,*” in comparison with
completely coherent radiation. This results in a sig-
nificant increase in the requirements on the com-
puters used in such calculations.

This paper describes the results of numerical
simulations of the propagation of coherent and par-
tially coherent radiation with the goal of comparing
the two representations of laser energy transport from
the Earth’s surface to outer space through the nontur-
bulent atmosphere, with thermal self-action taken into
account. A geometrical depiction of the problem is
shown in Fig. 1. The assumption of the absence of
eddy fluctuations in the atmosphere is usually justi-
fied, since the initial divergence of the radiation and
the characteristic angles of refraction of the rays corre-
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sponding to the thermal density gradients of this me-
dium usually far exceed the angle of eddy blooming of
laser beams along vertical atmospheric beam paths.?

FIG. 1. Geometrical diagram of the problem:
1 — surface atmospheric layer; 2 — observation
plane; 3 — intermediate computational plane;
7z =2z ve = 2nwz;/360°— linear  scan rate;
@ — zenith angle; o = d0p/0t — angular scan rate.

1. MODEL OF PROPAGATION OF
COHERENT RADIATION

This model is based on the self-consistent solu-
tion of the paraxial equation of wave optics, which
accounts for refraction of radiation by the density
inhomogeneities of the medium, together with the
stationary equation of gas dynamics in the acoustic
approximation. The latter takes into account heating
of the gats medium by radiation and dissipation of
the absorbed energy as the result of forced convection
(due to wind and scanning of the laser beam).? The
system of equations for the model looks as follows:
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where xyz and x'y'z’ are the Cartesian coordinate
systems. The z axis is directed along the propagating
beam; the x axis — along the direction of beam
scanning; the x' axis — along the velocity vector
u(z) for gas evacuation from the beam channel due
to forced convection; it is determined for each sec-
tion z = const. py(z) and py(z) are the nonperturbed
air density and pressure; a(z) is the speed of sound,;
g(2) is the Gladstone-Dale constant; x(z) is the ab-
sorption coefficient; vy is the ratio of specific heats; p’
is the perturbed gas density; and, finally, ¥ and k
are the wave function and wave number. In general,
when the scanning is in a direction different from
that of wind, the coordinate system x'y'z’ does not
coincide with the coordinate system xyz.

Since the molecular absorption coefficient de-
creases with altitude, scanning at a sufficiently high
angular velocity leads to such a situation that the
principal input to the deterioration of the radiation
characteristics associated with thermal self-action is
produced by the atmospheric layers closest to the
radiation source. Subsonic speeds of forced convec-
tion u(z) < a(z) are typical for these layers, so that
Eq. (2) remains elliptical. Numerical solution of
Eq. (2) was obtained using the cyclic reduction tech-
nique. The solution of Eq. (1) over the initial sec-
tion of the beam path was generated using the de-
composition and the Fourier fast-transform tech-
niques, and further up the path — by means of the
Fresnel-Kirchhoff integral.

2. MODEL OF PROPAGATION OF PARTIALLY
COHERENT RADIATION

Propagation of partially coherent laser beams
through the atmosphere was modeled using the self-
consistent solution of the transfer equation together
with the material equation (2). As was shown in
Refs. 10—12, the transfer equation adequately de-
scribes the propagation of radiation through the atmos-
phere if the characteristic time of the intensity fluctua-
tions is low in comparison with the medium response
time to these fluctuations, and the coherence radius for
radiation pj is considerably less than the effective
transverse dimension of the beam. If these conditions
are satisfied, the transfer equation assumes the form
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where J(R, 0, z) is the Wigner function, which is

related to the mutual coherence function I'(R, p, 2)

of the laser beam by the Fourier transform with re-
spect to the difference coordinate p; n is the refrac-
tive index of the medium;

rR 3. z) = jd“a‘ JR 8. 2) exp (1kdp),

The values of the vector R=G +7) /2, p=7 -7
depend on the mutual location of the two considered
points 7, = ix,, + jy,, m =1, 2 in the plane normal
to the beam propagation axis.

Applying the technique of characteristics to the

transfer equation (3) we obtain the following system
of ordinary differential equations:

dR/dz = 8, d8rsdz = v . 2).
/ anfﬁ ) W

To solve system (4) together with the material
equation (2), a special technique was used, based on
computing the trajectories of a set of rays emitted
from every point of the radiating aperture at various
angles 0y and passing through a sequence of refract-
ing screens, which model the nonlinear medium. To
find the mean intensity in this way (it enters into
Eq. (2) as the heat source) the Wigner functions
corresponding to the individual rays which arrive
along different directions at the given spatial ele-
ment!® were integrated over the angular coordinate

@ =)= [BIR 3 2). )

To apply this technique we do not need to im-
pose any additional physical restrictions, except for
those mentioned above, in contrast with the tech-
nique presented in Ref. 14.

3. RESULTS OF NUMERICAL EXPERIMENTS

An intercomparison was made of the results of
numerical experiments based on the above-described
models for the case of transport of '2C'°0, laser radia-
tion through the atmosphere using the following typi-
cal atmospheric conditions and radiation parameters:

— atmospheric climatic model — mid-latitude
summer, USSR;

— distance to observation point L =0.6kR;,

R, — the radius of the emitting aperture;

— zenith angle ¢ = 45° (see Fig. 1);

— wind velocity at the Earth’s surface along the
x axis — 3.9 m/s; along the axis y axis — 0 m/s;

— angular rate of laser beam scanning —
o = 0.76 rad/s;

— intensity distribution at the emitter aperture:
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— angular characteristics of the laser radiation:
coherent radiation propagation model - parabolic
phase distribution

2
S(x,y,0) = kﬂuedr /4R°;

partially coherent propagation model — Gaussian
distribution of the Wigner function along the angu-
lar coordinate:

IR 8. 0) = IR, 0) exp( ~ad/E),

Here 0y and 0y, are the characteristic angles of laser
beam divergence, normalized by the diffraction di-
vergence angle 0; = 1.220/R,.

Note that the radiation divergence angles 04
and treated below exceed the angle of eddy bloom-
ing of laser beams in the atmosphere 0,. the latter
varying within the range 4 - 10°—1.5 - 107 rad for
radiation at the wavelength A = 10.6 um.

Figure 2 presents the isophotes realized in the
observation plane, calculated for coherent (see
Fig. 2b) and partially coherent (Fig. 2a) radiation
with power P =35 MW, divergent at twice the dif-
fraction limit. The calculated spatial distribution of
the radiation intensity appears to be very similar to
that obtained as the solution for radiation propaga-
tion along horizontal atmospheric beam paths in the
presence of forced convection.® Its typical features
include the formation of a sickle-shaped beam profile
and the shift of the beam energy center of gravity in
the direction opposite to that of the scanning veloc-
ity vector. Comparison of the isophotes presented in
Figure 2 demonstrates that a more irregular spatial
intensity distribution, due to the nonlinear effect of
thermal self-action, is typical of coherent radiation.
The levels of the local minima and maxima of the
intensity differ by 50% from similar values calcu-
lated for partially coherent radiation.

FIG. 2. Isophotes in the observation plane for the
cases of partial (a) and total (b) coherence of CO»-
laser radiation (emitted power 5 MW, divergence
012 = 0y = 204). The dashed line indicates the char-
acteristics dimension of the laser beam in the obser-
vation plane for the case of no thermal self-action.
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In actual fact, the jitter of the guidance sys-
tems, atmospheric turbulence, and unpredictable
atmospheric conditions lead to spatial “smearing” of
the calculated intensity distribution. In this connec-
tion one should hardly expect that the models used
will enable a detailed description of the local struc-
ture of the actual spatial intensity distribution in the
observation plane. The data on the average energy
parameters of the radiation computed from these
models should prove more reliable. We regard the
position of the beam energy center of gravity as one
such parameter. Its coordinates are given by the fol-
lowing expressions:
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where I(x, y, L) is the radiation intensity in the ob-
servation plane.

Figure 3 presents the results of calculations of the
shift in the position of the beam energy center of grav-
ity, according to each model, as a function of the laser
power. The linear dependence of this shift on the emit-
ter power and the good quantitative agreement be-
tween the results indicate that such a shift takes place
at close distances from the emitter and results from
thermal self-action. Due to the low divergence of the
laser radiation the spatial intensity distribution re-
mains practically unchanged within this range and
does not depend on the model chosen to describe the
process of laser beam propagation. It is seen from
Fig. 3 that thermal self-action is significant when the
emitter power exceeds 2—3 MW. In that case the shift
of the beam center of gravity starts to exceed the
characteristic size R. =6,L /2, which is determined

by the initial divergence of the beam.
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FIG. 3. Dependence of the shift of the beam en-
ergy center of gravity along the direction of scan-
ning on the laser emitter power for the totally co-
herent (solid lines) and partially coherent
(dashed line) COy-laser radiation with divergence
011 = 304 (1); 204 (2); 013 = 264 (3).
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We regard the power P, passing through a square
of side a, its center coinciding with the energy center
of gravity of the beam, as another parameter governing
the energy characteristics of radiation:

asz2 as2
PCI' J-d[x- )rc) J-d[y- yc] Ilx, y. L),
-as2 -a/s2

The dependence of the power P, on the side
length of the square «, calculated from both models
for lasers of different output power and divergence, is
presented in Fig. 4.

The model of coherent radiation propagation sat-
isfactorily describes the energy parameters of the
propagated radiation under conditions of strong ther-
mal self-action, even when the initial radiation diver-
gence exceeds the diffraction limit by a factor of 5
(Fig. 4b). The best agreement with the results from
the model of partially coherent radiation is obtained
when the limiting divergence angle for the totally co-
herent radiation somewhat exceeds the corresponding
angle for the partially coherent radiation. This com-
parison also demonstrates that the model of the par-
tially coherent radiation describes quite well the
propagation of radiation with divergence close to the
diffraction limit (Fig. 4a), though the coherence radius
in that case becomes comparable to the radius of the
laser beam itself.

R, 100k W

FIG. 4. Power of the radiation passing through a
square of side a in the observation plane, its center co-
inciding with the beam energy center of gravity. Beam
divergence 204 (a) and 504 (b). Notation the same as in
Flg 3 P=2 MW, 911 = 2.59([ (,), 911 = 39d (2),
912 = 2ed (3), P =10 MW, 611 = 2~59d (4), 611 = 36(1 (5),
912 = 26d (6), 911 = Sed (7)7 611 = 66(1 (8), 912 = 5ed (9)1
P= SMW, 911 = 56d (10), 911 = 66d (11), 912 = Sed (72)
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These numerical experiments modeling the
propagation of COs-laser radiation through the at-
mosphere, performed over a wide range of output
laser parameters (emitter power 1—10 MW, diver-
gence — within 2—5 diffraction limits) demonstrated
the following:

1. The considered model of propagation of par-
tially coherent radiation makes it possible, despite
the simplifications introduced, to calculate the
propagation through the atmosphere of wide-aperture
laser beams with divergence exceeding the diffrac-
tion limit by a factor of two or more.

2. To describe the average energy characteristics
of laser beams propagating through the atmosphere,
a model of coherent radiation.
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