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The characteristics of a narrow optical sounding beam, propagating in a medium with 
weak saturation of resonance absorption, are investigated theoretically. An analytical 
solution is constructed, based on an aberration-free approximation, for the second-order 
mutual coherence function of the sounding radiation. The simultaneous effect of spatial 
nonuniformities of the absorption coefficient and the index of refraction of the medium on 
the characteristics of an optical sounding beam, which is narrow compared with the 
transverse linear size of the beam of intense laser radiation, is analyzed. The conditions 
under which the parameters of the absorbing medium can be measured by recording the 
displacement of the image of the sounding laser beam after the focusing lens are determined. 

 
 

When a high—power laser beam propagates in a 
nonlinear medium a spatial nonuniformity of the index 
of refraction of the medium is created.1,2 This non-
uniformity of the index of refraction is manifested in 
both the self-action of the high-power laser beam and 
propagation of sounding radiation in the zone of ac-
tion.1–4 Under the conditions of thermal self-action the 
real part of the index of refraction changes, i. e., the 
refraction properties of the medium change.1,2 In 
Refs. 3 and 4 it is shown that information about the 
change in the parameters of the medium accompanying 
thermal self-action can be obtained by measuring the 
displacement of the image of the sounding laser beam 
after the focusing lens. It is well known5,6 that under 
the conditions of resonance self-action of the radiation 
on the medium both the refraction part of the index of 
refraction and the absorption coefficient of the me-
dium change. An analogous picture is also observed in 
the case when a high-power laser beam propagates in 
an aerosol medium.2  In this paper the characteristics 
of a narrow sounding beam, propagating in a medium 
with weak saturation of resonance absorption, are 
studied theoretically. The conditions under which the 
parameters of the absorbing medium can be measured by 
recording the displacement of an Image of the sounding 
laser beam after the focusing lens are determined. 

We shall study a gas of two-level atoms in the 
field of two oppositely propagating waves with a 
Gaussian distribution of the intensity and frequency . 
One of the waves saturates the medium while the other 
is the sounding wave. For small saturations the 
sounding wave will propagate in the medium with 
dielectric susceptibility7,8 
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c is the velocity of light; ê0 is the linear absorption 
coefficient; I is the intensity of the saturating wave 
on the axis of the beam; Is is the intensity of satu-

ration; 2 2y z    is the distance to the axis of the 

saturating beam; a0 is the radius of the saturating 
beam;  is the homogeneous linewidth; and,  is the 
detuning of the frequency from the center of the line. 
In the derivation of the expressions (1) for the di-
electric susceptibility of the medium the standard 
formulas from the third-order perturbation theory in 
the electric field strength (I ` Is), in which the 
averaging over the velocities is performed in the 
Doppler limit. The ratio of the gas pressure and the 
radii of the light beams is such that impact broad-
ening is much smaller than Doppler broadening, but 
much larger than transit broadening. 

The propagation of the optical sounding wave in a 
saturated medium is described by a parabolic equa-
tion:1,2,7,8 
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where k = /c = 2/;  is the wavelength of the 

optical radiation; and, 
2 2

2 2y z

 
  

 
 is the 

two-dimensional Laplacian operator. The corre-
sponding equation for the second-order mutual co-
herence function 
 

 
 
has the form 
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We shall transform in Eq. (3) to the near-axis 
approximation, i.e., for 1, 2 ` a0 we obtain from 
Eqs. (1) and (3) 
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Is the squared focal length of the induced lens-like 
medium (refraction channel);3,4 
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Is the nonlinear (saturated) absorption coefficient; 
 

 
 
is the linear characteristic length of the problem, 
characterizing the influence of the diaphragming effect 
on the propagation of optical radiation 

2 2( /L dF F  / ).   
We shall study the propagation of a Gaussian 

sounding beam with an initial distribution of the form 
 

 (5) 

where E0 is the amplitude of the sounding beam; a is the 
initial radius of the sounding beam; and, R0 is the initial 
curvature of the wavefront of the sounding beam. 

We shall seek in the parametric form the solution 
of Eq. (4) with the boundary condition (5): 
 

 
 

 (6) 
 
where f(x), g(x), S(x), and (x) are unknown functions. 

Substituting Eq. (6) into Eq. (4) we obtain the 
following system of equations: 
 

 (7) 
 
with the boundary conditions 
 

 
 

 
 

When coherent optical radiation 
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propagates in the medium the solution of the fourth 
equation of the system Eqs. (7) is trivial: (x) = 0. 
Under this condition the system of equations (7) will 
assume the form 
 

 (8) 
 

The system of equations (8) does not have an 
exact analytical solution. We shall seek the solution 
of the system of Eqs. (8) by expanding the functions  
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g(x) and S(x) in a series in powers of x. This solution 
is applicable for sounding paths much shorter than 
the diffraction length (x < ka2), the initial curva-
ture of the wavefront of the sounding beam 
(x < R0), and the characteristic length of the 
problem, characterizing the influence of the dia-
phragming effect on the propagation of optical ra-
diation (x < Fq < F1). Then, taking into account 
the boundary conditions, the solution of the system 
of equations (8) can be written as follows: 
 

 (9) 
 

Analysis of the solution (6) and (9) obtained 
above shows that under the conditions of propaga-
tion of the sounding beam in the zone of action on the 
medium and saturation of absorption, because of the 
diaphragming effect the radius of the sounding beam 
decreases and additional curvature of the wavefront 
of the beam appears. In addition, because of the 
diaphragming effect the correction to S(x) is nega-
tive, i.e., the additional focusing of the beam by the 
extended soft diaphragm results in the appearance of 
additional divergence of the optical radiation. For 
the case of a collimated (R0 = ) sounding beam 
with ka2/õ > 1 the radius a(x) and the curvature of 
the wavefront R(x) = k/S(x) are determined by the 
following relations: 
 

 (10) 
 

 (11) 
 

It follows from the formulas (10)–(11) that the 
effect of the additional focusing of the sounding beam 
by the extended diaphragm can be neglected if 
 

 (12) 
 

where  = ka2/x is the Fresnel number of the 
transmitting aperture of the sounding beam. 

Thus, when the conditions (12) hold the meas-
urements of the wavefront curvature of a narrow 
sounding beam (for example, based on refocusing of its 
image after the focusing lens3,4) make it possible to 
determine the focal length of the induced lens-like 
medium F1. If the focal length of the induced lens-like 
medium F1 and the coefficient of nonlinear saturated 
absorption ê (measured based on the total extinction of 
the sounding beam (9)) are known, the linear absorption 
coefficient ê0 and the saturation intensity Is can be 
determined. 

I thank Yu.N. Ponomarev for a helpful discus-
sions of the question discussed in this paper. 
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