(Fig. 2f). This line was not observed in the spectrum of the exciting line. Its distance to
the unshifted line was 0,09 - 0.13 cm—l at room temperature and increased slightly with rising
temperature, The intensity of this line was strong enough to produce sometimes a SMBS com-
ponent. When the exciting light flux was reduced to a value at which a broad section of the
SRWS spectrum vanished, this sharp line still remained. It was further established that this
line is a weak laser-emission mode,**¥* yhich becomes stronger in a medium with anisotropic
molecules, by a mechanism which is practically the same as in SRWS. A similar effect was
apparently observed recently by Cho et al, [6], who took it to be SRWS. The temperature de-
pendence which they observed for the position of this line may be due to the temperature de-
pendence of the gain and to a mechanism analogous to that indicated by Brewer for SMBS.
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*¥The first SMBS component may appear in the scattered-light spectrum as a result of
reflection from the vessel windows, ruby end faces, ete.

*¥*¥When the laser emission was focused with a lens of f = 2,5 cm, we observed in nitro-
benzene and o-xylol both the Stokes and anti-Stokes parts of the wing in several orders of the
interference patterns, and only the Stokes wing in the remaining orders. We assume that in
this case we observed four-photon interaction with SRWS at angles 6 < 2°.

*¥%%Thig line can be seen in Fig. 1 of [5] between the exciting line and the SMBS com-
ponent,

*¥%¥%¥%¥When the distance between the laser resonator surfaces is changed by a factor 1.5,
the distance between this line and the main mode of emission changes by the same factor.
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1. We report in this letter the results of a theoretical and experimental investigation
of the phenomenon of nonlinear defocusing (principal attention was paid to the steady-state
operation) of cw laser beams in liquids. This phenomenon is ocnnected with the dependence of
the refractive index on‘the intensity of the optical field, which is of the form n = n, +

0

nzlE2]. Low~inertia nonlinearity mechanisms with n, > O lead to self-focusing of powerful short

2
pulses [1,2]. For cw lasers, inertial mechanisme are significant, primarily heating of the
medium, For this mechanism usually n, < 0 and defocusing of the beam results; some data on
this effect are reported in [6], where it was investigated in an He-Ne laser, and in [T], where

only the registration of the effect is reported.
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We present below the results of experiments with an argon laser; these reveal the main
dependences of the defocusing effect on the beam parasmeters and on the properties of the liquid.

2. The series of experiments in which we registered the change in the divergence of the
laser beam was performed with an argon laser with a dispersion resonator, at a wavelength 4880
X. The initial laser-beam divergence was 60 = 2,5', the beam radius at the output mirror was
a, = 0.06 cm, and the maximum power was Pmax = 0.15 W. A cylindrical cell with plane-parallel
windows was filled with the investigated liquid {(water, acetone, or alcohol) and placed in the
path of the laser beam. The lengths & of the different cells ranged from 10 to 84 cm, and

their redii R from 1.5 to 2.5 cm, Addition of a small amount of soluble absorber made it pos-

sible to vary the absorption in the liquids between sufficiently wide limits, from 6'1 = 10 cm
to 6'1 = 103 cm.
The results of experiments performed for different values of PO’ 2, 6§, and a/R have

A6’

12k 0 3410 2em!
Fig. 1. Experimental plot of in- 29107 on
crease of beam divergence of argon 25”713"4
laser, after passing through a cell It T e
with water, vs, power at entrance Tl ,
to cell, R/a = 30, The parameter ik -l o
of the curves is the power absorp- e 111072
tion coefficient 6. The <.:e11 pa~ o e o
rameters are L = bh cm, diam = 48
mm, V = 820 cc. 3 —— 04107 i

|
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shown that the laws governing the defocusing are the same for the investigated liquids. They
are illustrated in Figs.l and 2, which were obtained for water in a stationary defocusing re-
gime, We see that the thermal defocusing A6 increases linearly with the power PO' In the case

of large absorption (8L - «) the value of A8 tends to a limit A8 In practice it is more

lim®
convenient to determine the latter from the linear plots of the defocusing vs. the fraction of

the energy absorbed in the liquid, A6 = f(exp(-82)). By moving the cell to different distances

from the laser it was established that the nonlinear defocusing A8 is inversely proportional

Fig. 2. Plots of increase of beam divergence of argon
laser, after passing through a cell with water, vs.

the reduced optical-path length 62, The parameter of
the curves is the beam power entering the cell, The
dashed lines denote the limiting defocusing correspond-
ing to the given power values. The circles and
triangles correspond to cells 84 and L4 cm long,
respectively,

3 4&1
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to the radius of the beam at the entrance to the cell. The experimental results and the cal-

culated data are summarized in the table.

Limiti
2z, Ko 70 s d%l%éceiggng
9T
Liquid exp theor ,
deg™) |Wem-deg | W | em | %®1im 891im
min min
0,10 [0.09 | 10,040.7 12.0
Water 0.8-10°% ¢.103 0.15 [0.09 | 14.8:0.7 18.2
0,15 10,16 | 9.040.7 10.3
Acetone 5.10°%11,6.16% 10,10 [0.07 | 28515 | 345
0.15 [0.07 | 41+1.5 51.5
Alcohol 4.107%{1,7.10°  {0.10 {0.07 | 20.5:1.5 26
0.15 10.07 | 30.5:1.5 37.5

3. The theory of thermal defocusing of a light beam is based on a simultaneous solution
of the equations of thermal conductivity and of the wave equation.

The solution of the nonstationary equation of thermal conductivity for a medium heated
by a Gaussian beam A exp(-r2/a2) shows that the transverse temperature gradient is given by

¢
g—}-‘ _Z-n_n-:P_Kar—_ [exp (—2r%/a%) ~ exp (~2r/a(1+ ")) )N, (1)

where « is the coefficient of thermal conductivity of the medium, T = azpcp/GK is the character-
istic time of establishment of the stationary temperature gradient, and pcp is the specific hest
per unit volume. We note that the process of establishment of the average temperature in the
cell is slower and is determined by the influence of the cell walls.

The appearance of a temperature gradient. leads to optical inhomogeneity of the medium
(n = ng + an/ 3T T') and, as a result to nonlinear refraction. It follows from (1) that the
nonlinear defocusing of a Gaussian beam is accompanied, in general, by aberrations (the in-
crement of the refractive index is not quadratic in r). At sufficiently small powers, and
consequently small temperature gradients, the defocusing can in first approximation be regarded
as free of aberrations; then the Gaussian beam retains its shape. Using the procedure developed
by us for the calculation of self-focusing [3], we can write for the stationary* case (t >> 1),

in the geometric-optics approximation, the following equation

dan
o2f - 7 B & exp(r=~82z) (2)
9z2 an? alf
o Q9

for the dimensionless beam width f; the quantity 6 = noaof' characterizes the divergence of
the beam in a given section z. Assuming that in the region of effective nonlinear defocusing
the intensity is altered essentially as a result of absorption, we obtain by integrating (2)

the following expression for the beam divergence over a path length £:

ko



g=0 + 9L 2 [1-exp(-58) (3)
m

Tt follows from (3) that as §% = « there is formed a limiting nonlinear divergence

an
AO _ar Po (L)
1im nn_ a. K

[o 200 o4

The theoretical plots of (3) and the values of A6 are shown in Figs. 1 and 2 and in the

table., The quantitative agreement with experimentlii good,

At high power, the temperature gradient increases and nonlinear aberrations appear in the
"thermal” lens. These are observed first in the far field, and then in the cell itself. The
point is that with increasing distance from the beam axis, the slope of the rays (6 ~ 3T/3r)
first increases (as in a spherical wave), but then when r $ a the slope decreases. This causes
the rays to cross and to interfere. The most distinct interference picture is observed when
the rays have approximately identical intensity, i.e., in the region of maximum deflection

angle (near the edge of the beam). As a result, as P, is increased, there appears first in the

0
cross section of the beam one round ring, followed by & whole series of less distinet rings
{see [3] concerning the calculation of the nonlinear aberrations in self-focusing). The pic-

ture of nonlinear aberrations was clearly observed in the experiments for a specified power

level, and became more distinct with increasing Aelim (see Fig. 3). It must be emphasized at

Fig. 3. Aberration rings produced in the
cross section of an argon-laser beam upon
passage through a 10 cm cell with a solu-
tion of fuchsine in alcohol (8 = 0.18
em~1). The power entering the cell is

6 MW (a) or 60 MW (b),

the same time that the experimentally observed beam divergences lie well on the lines of Fig.
1l even in the presence of aberrations.

L. The effect of nonlinear defocusing may give way, obviously, to the self-focusing
effect in media with 3n/dT > 0 [4]. Although it is difficult to produce in gas-laser beams
conditions for beam collapse, the effect of a certain nonlinear compensation of the initial
divergence can be produced. We succeeded in observing a decrease in laser-beam divergence by
an smount 46, (see (L)) in optical glass. An interesting question is that of defocusing of
compound beams; its theoretical analysis can be performed by perturbation theory. It turns out
then that, jJust as in the case of self-focusing [8), there exists a tranaverse perturbation scale

leading to the fastest defocusing.
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Great interest has been shown in recent investigations of the properties of p-type indium
antimonide in the question of the nature and location of the energy levels of the impurities,
particularly of the so-called deep level. Several investigations have already been devoted to
the observation of the deep level of p-type indium antimonide [1-5]. However, there is no
unified point of view regarding the nature and character of this level as yet. One can hope
that an increase in the scope of the research (with respect to the temperature, the carrier
density, the number of doping acceptor elements) will uncover new approaches to the solution of
this problem.

We have measured the temperature dependences of the Hall constant and the electrice-
conductivity and mobility coefficients of compensated (90% degree of compensation) samples of
p-type indium antimonide with resistivities from 10 to 2TU0 ohm-cm and with low density of
uncompensated holes (6 x 107t -1 x 1o'h cm—3) in the interval from 4.2 to 300°K. The single
crystals were doped with acceptor impurities (manganese, silicon, germanium, gold) during the
course of drawing by the Czochralski method.

The temperature dependence of the hole density, defined as p = 1/Rec, was investigated
in more than 40 samples in the 55 - 130°K range. It has turned out that, regardless of the
method used to obtain the sample and the nature of the doping impurity, the deep level is ob-
served (we have in mind the corresponding inclinations of curves 1-5 of Fig. 1 in the temper-
ature interval T8 - 110°K) only in samples with carrier density p = 6 x 10t - T x 1013 cm73.
This level is not observed at higher densities of the uncompensated holes (curves 6 and T of
Fig. 1). The activation energy of the deep level fluctuates in the range from 0,01 to 0.1 eV,
depending on the carrier demsity. ‘'he fact that the activation energy of the deep level is
independent of the doping impurity (Fig. 2) suggests that this level is caused by lattice
defects.

Unlike [1-5), we measured samples with very low uncompensated-hole densities (6 x 10t -
6 x 10+2 cm-3), and this has made it possible to observe a unique variation of the Hall constant
and of the mobility coefficient with temperature, wherein, regardless of the kind of doping

impurity: 1) samples with hole density on the order of 6 x 10™ - 6 x 10" o3 have s clearly
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