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Abstract—The interaction dynamics between two incoherent light beams in a medium with thermal nonlin-
earity is studied both experimentally and theoretically. It is shown that in the mode of a nonlinear reflection
the transformation of a spatial structure of a weak signal beam can be theoretically described in the framework
of a spatially distributed model for a nonlinear change in the refractive index of the medium.
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INTRODUCTION

The possibilities for controlling the parameters of
light beams in the mode of nonlinear interactions have
been discussed intensively in the scientific literature
[1—4]. The interest in studies of the systems based on
the principle of controlling light by means of light is
due to the potential possibilities of using the advan-
tages of optical methods of processing information.
Fast-response switching devices can be obtained, for
example, in media with quadratic [5] or thermal [6]
nonlinearities. The sphere of practical application can
thus be enlarged by using, along with soliton light
beams, a nonsolitonic mode for the distribution and
interaction of beams.

Peculiarities of the incoherent interaction of the
pulse light beams in the media with a thermal nonlin-
earity are analyzed both experimentally and theoreti-
cally in this work. Solutions of complex organic dyes
that allow us to work with high-power nanosecond
laser pulses were selected as the nonlinear medium.
Peculiarities of the transformation of the spatial struc-
ture of the light beams and the conditions under which
a nonlinear version of a total internal reflection upon
the interaction of beams in a defocusing medium can
be attained are discussed.

EXPERIMENTAL

The experimental attainment of the effect of a non-
linear reflection in a medium with nonlinearity is
based on the creation of a localized spatial region with
a negative change in the refractive index. Such a region
can be formed in a solution of organic dye with a neg-
ative thermo-optic coefficient (dn/ dT < 0) under the
effect of a high-power laser pulse (a pump beam). The
propagation of a laser pulse in a solution of a dye cre-
ates an inhomogeneous distribution of temperature in

a cross section of a nonlinear medium. As a result, a
gradient of the refractive index is produced, and a
high-power reference beam becomes a nontransparent
object for an oblique wave of different frequency.
Under certain conditions, we can detect on a light-
induced phase inhomogeneity the dissipation of a sig-
nal beam propagating at a small angle to the pump
beam.

For experimental realization of the mode of non-
linear reflection, the continuous radiation of a
helium-neon laser with a wavelength of A = 632.8 nm
was used as the signal beam. The yttrium aluminum
garnet laser generated a high-power light pulse with a
wavelength of A = 1064 nm. The laser was operating in
the mode of active @-modulation (with a 20 ns pulse
duration, a 1.5 mrad laser radiation divergence, and at
a 1—10 Hz pulse repetition frequency). A system of
movable mirrors allowed us to change the angle
between the light beams over the range of 10—100
mrad. Long-focus lenses (30—60 cm) were used to
increase the intensity of pumping. An ethanol solution
of 3274 U polymethine dye, which absorbs radiation at
the wavelength of a pump pulse laser’s generation (A =
1064 nm), and which was actually transparent in the
visible region of a spectrum, was used as the medium
with a thermal nonlinearity. The rapid and efficient
thermalization of the adsorbed energy resulted from a
low quantum yield of luminescence (below 10%) and
the short lifetime of the polymethine dye molecules in
the excited state (~1071%—10~!!'s). The resulting pic-
ture of interaction was registered on a screen using
CCD camera. In the course of our experimental
research, the peculiarities of the propagation (passage
and reflection) of the signal light beam (the radiation
of a helium-neon laser) through the light-induced
region formed in the dye solution by the high-power
focused radiation of a laser on an yttrium aluminum
garnet were analyzed.
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Fig. 1. Scheme of the nonlinear interaction of a light beam
(a): I pump beam, 2 signal beam, 3 nonlinear medium,
4screen. Distribution of the intensity of a signal beam
transmitted through a high-power pump beam at a number
of excitation laser pulses: N =0 (b), 6 (¢), 12 (d) and upon
the partial reflection of the signal beam (e).

In accordance with our theoretical estimation, the
maximum value of the angle between the signal beam
and pump beam y at which a total internal reflection is
realized is determined by a nonlinear change in the

refractive index: y ~ /|An|. In the case under study, the

change of the refractive index An is correlated with a
thermal nonlinearity whose value can be estimated

dnk,It

using the following formula: An = , Where

P
dn/ dT is the thermo-optic coefficient; k, denotes the
absorption coefficient of the dye solution at the pump
frequency; I implies the peak intensity of the pump
pulse; C, designates the thermal capacity of a unit of
volume; and T is the effective time of interaction,
which coincides with the pulse duration of 7, during
operation with single pulses, and of T ¥ N1, when the
laser is operating in a frequency mode where N is the
number of pulses at which the thermal processes
become stationary.

Figure 1a shows a diagram of the nonlinear interac-
tion between the radiation of a helium—neon laser and
a pump beam. Pump beam / and signal beam 2 were
directed into a cell with a dye solution 3. The form of
the signal beam after the interaction was registered on
screen 4. At an intensity of the pump beam of [ =
100 MW cm~? which propagated in the ethanol dye
solution (a thermo-optic coefficient dn/ dT = —4 x
10~* K~!, a thermal capacity of a unit of volume C,, =
2 Jem™ K~!, and an absorption coefficient k, = 1 cm™),
a threshold angle between the interacting beams was
vy = 20 mrad). A dashed line and a circle in Fig. 1a
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show the direction of propagation and location of the
signal beam in the absence of radiation of the pump
beam. Switching on the oscillation of the laser on
yttrium aluminum garnet induced the change of direc-
tion of propagation of the signal beam, which is exhib-
ited schematically by the dash-and-dot arrows. The
fixed distributions of the intensity in the profile of the
signal beam (Fig. 1), show the dynamics of transfor-
mation of radiation of the helium-neon laser depend-
ing on a quantity of the pulses of the high-power beam,
provided the maximum overlapping of a signal beam
and a pump beam occurs in the dye cell. In the absence
of a pump beam, a Gaussian beam of radiation of the
helium-neon laser can be seen at the output (Fig. 1b).
Owning to a local thermal growth in the medium gen-
erated by the laser on yttrium aluminum garnet, a
region with a lower value of the refractive index
(An < 0) is created, which starts extruding a signal
beam off the center (Fig. 1¢). However, in due course,
(t ~ 1 sofalaser operating at 10 Hz frequency) result-
ing from the convection flows in the dye solution, a
symmetry is broken and the upward removal of heat
from a related region of a thermal change of the refrac-
tive index, occurs. In this case, a vertical heat wall
forms which participates in the process of a nonlinear
reflection (Fig. 1d).

On a displacement of a signal beam in a horizontal
plane from a position of a total overlapping, the char-
acter of the interaction changes: a partial repulsion of
a probing beam is observed (Fig. 1e). The initial direc-
tion of propagation of the signal beam radiation (the
dashed circle) is transformed into the area of the
angles within the range from the initial propagation to
a direction of total reflection of the signal beam from
the pump beam. The solid circle in the figure is a posi-
tion of a high-power IR pump beam.

To realize a total reflection of a beam from the
region of the light-induced nonlinearity, an intensity
of the pump beam was increased to / = 1.5 GW cm™2,
and, the angle between the interacting beams was
decreased to y = 10 mrad. Under such conditions, the
reflection of the signal beam occurred resulting from
the effect of the single radiation beams on the
medium, with no formation of a heat wall. A dynamics
of interaction of the beams is shown in Fig. 2. Occur-
rence of a high-power pulse in the cell with the dye
solution involved a sharp displacement of the signal
beam radiation from the initial position (Fig. 2a) to
the region corresponding to the direction of a total
reflection of a beam from the thermally-induced
region (Fig. 2b). Parallel to heat redistribution in bulk
of the medium, a decrease of the value of a heat change
of the refractive index took place, and radiation of the
signal beam was approaching its initial position
(Fig. 2c, 2d). The initial size of the signal beam were
attained in 150—200 ms, and the final relaxation of the
thermally-induced region and the signal beam’s return
to its initial direction of propagation lasted one sec-
ond.
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A comparison of the two modes of interaction (the
intensity / = 100 MW cm™2 at a pulse repetition of
10 Hz and the intensity of / = 1.5 GW c¢cm2 for single
pulses) shows that with single laser pulses, the signal
beam is transformed into a region of the angles that
satisfy the condition of total internal reflection. Under
the conditions of frequency excitation, a large-aper-
ture dissipation of the signal beam is also observed that
could be correlated with the transformation of the
thermally-induced region owing to the manifestation
of the convection effect and that of heat relaxation.

THEORETICAL MODEL

To explain the dynamics of the transformation of
the transverse structure of a signal light beam upon its
reflection from the spatial-inhomogeneous thermal
lens generated in the dye solution by the pump beam,
a theoretical model was developed that considers both
the dynamics of the change in the refractive index of
the medium under the effect of a high-power light
pulse and the volumetric character of the interaction
of the light beams.

To describe theoretically the process of the forma-
tion of the spatial-inhomogeneous structures of the
refraction index, assume that a high-power pump wave
E, propagating in a nonlinear medium is characterized
by an optical frequency o that coincides with the cen-
ter of an absorption line S, — .S, of the dye solution.
The probe wave Eg at a frequency o' for which the
medium is transparent propagates at a narrow angle y
to the pump wave. For the dye solutions in our theo-
retical modeling, the key role in forming the optic
response upon monopulse and frequency excitation is
considered to belong to the resonance and heat non-
linearity.

Under these conditions, the expressions for the
nonlinear susceptibility of the medium at frequencies
o and ©' are

_ noky (:)12 al,
W) =——=- ’ 1
1) Zn(Bn 1+O(.11] M)
N _ MoKy arl;
o')="0 "L 2
X( ) 2n 1+ ol )

G=a+ia=(Op, + O)/VA-ar,
20(dn/dT)(1 - p,)t/cC,. In the given expressions

where ap =
C:)k,((n) =0,(0)+iB,(n) where the coefficients
®,(m) are associated with the Einstein coefficients by
the Kramers—Kronig ratios for stimulated transitions
B, (o) in the spectral channel §, — S;, v is the speed of
light in the medium, x, is the initial coefficient of
extinction, n, signifies the refractive index of the sol-
vent, P,; denotes the total probability of spontaneous
and nonradiative transitions, p,, is the quantum yield
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Fig. 2. Dynamics of the transformation of the signal beam
upon reflection from a high-power pulse pump beam at
various times of observation # = 0 (a), 0—30 ms (b), 30—
60 ms (c), 60—120 ms (d).

of luminescence in the channel S, — 5, and /, denotes
the intensity of the pump wave.
The dynamics of the spatial change of the refractive

index of the medium An = j—;A T is determined by its

local heating AT(x,y,z,t) in the field of the pump
wave, which can be found from the equations of heat

conduction
2 2 2
¢, - 5(8—7;+6—7;+6—7;j 10, 3)
ot ox° oy° o0z

where the function of heat release is defined by the
geometrical and time parameters of the pump wave
0, =k, I(x,y,z,1), k, is the absorption coefficient of
the dye solution at a pump frequency, and & denotes
the coefficient of heat conduction of the solvent.

The equations for the complex amplitudes of light
waves E, and Eg with allowance for the nonlinear
modulation of the absorption coefficient and the
refractive index in the field of a high-power pump wave
can be written as

%_{',LALEI = iznw%(“’)Eﬁ

0z 2ik chy )
OEg OEg 1 Rro' .
S py=—=S+—A Fs= o) Es,
0z ! ox 2ikg s cny W) Es

where k, = 0'ny/c and kg = 2w'ny/c; A, = 0°/ox® +
62/ dy’ is a transverse Laplacian.

Considering an obvious form of the expressions for
a nonlinear susceptibility y (o) (1) and y(®') (2), the

system of coupled wave equations (4) is transformed
into the following form

%’Zi:mlEﬁikﬂLD(%—%] b

+ o

0Es .OE ) ; ©
9Es 41925 — A" Eg + 2ik,L,| 2T | B

oc [ ag oS ”(lﬂxllj °

where A, = 0°/08> + 8*/on’, y' = 2yL,/ry: the spatial
coordinates are normalized as follows: & = x/r),
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Fig. 3. Spatial profile of a probe light beam after passing
through an induced inhomogeneity with a refractive index
of different form.

n=y/r, and (=z/2L,. The diffraction length
L= 2nr02/ A is determined by the width of the pump
beam #,.

In the numerical modeling of equation systems (3)
and (5), the light pump beam directed onto the
boundary z = 0 of a nonlinear medium was assumed to
have the Gaussian profile with respect to transverse

coordinates: /(z =0, x, y) = I,jexp[— (x> + yz)/r(z)].
The half-width of the light beam upon entering a non-
linear medium was assumed to be r; =100 um, the
peak beam intensity varied within the range of I, =
0.1-1 GW cm2, the wavelength of radiation was A, =
1 pum, the duration of the laser pulse was T = 20 ns, and
the initial absorption coefficient was selected to be on
the order of k, = 1 cm~!. The probe light beam with a
wavelength of Ay = 0.63 um was also characterized by
a Gaussian-like intensity distribution in the cross sec-
tion: Iz =0,x,y) = Igexp[—((x — x))> + (y —
o))/ ré ] and was directed into a nonlinear medium at
a narrow angle of y = 20 mrad. The distance between
the centers of the light beams at the boundary z =0

was x, = r,. The following spectral and thermo-optic
characteristics typical for the 3274U dye solution in

ethanol were used for the medium3274U: n, = 1.36,
the quantum yield of luminescence was ,, = 0.01,
and the thermo-optic parameter was
dn/dT(C,)" ==2x107* J=' cm’.

Figure 3 shows the results from our numerical
modeling in the form of the intensity distributions of a

probe light beam in a transverse profile /g(x,y) upon
exiting the nonlinear medium z = L for three different
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geometries of a

An(x,y,z).

spatial-inhomogeneous profile

Equation (3) tells us that upon the absorption of the
pump radiation in a nonlinear medium, a negative
thermal lens is induced whose geometry is determined
by the spatial distribution of intensity in the pump
beam. In the first of the reported cases, an initial probe
beam (Fig. 3a) was directed into a nonlinear medium
to fulfill the conditions of total internal reflection. It
was partially reflected with a less than complete tran-
sition (Fig. 3b) through the inhomogeneity in the form

of a wall having a thickness of Ax = r, (the solid lines
in Fig. 3b). As we can see from the results of our
numerical modeling, the coefficient of reflection from
an inhomogeneity of this type depends substantially
on the thickness of the wall Ax and tends to unity at

Ax > .

The second variant of interaction (Fig. 3c) is
relevant to the experimental conditions (Fig. 1c)
and demonstrates the regime of the deformation
of the intensity distribution in a transverse profile
of the signal beam, a result of the transition
through the cylindrical inhomogeneity created in
the bulk of the medium by the Gaussian pump
beam.

An appropriate profile of an inhomogeneity in the
refractive index (the solid line in Fig. 3 d) was selected
to model the interaction of light beams under condi-
tions of formation of a vertical heat wall. It thus can be
seen from this figure that the distribution of the inten-
sity upon exiting a nonlinear medium qualitatively
coincides with that registered experimentally using the
frequency mode of succession of the pump pulses
(Fig. 1e).

CONCLUSIONS

Our theoretical and experimental analyses of the
interaction and reflection of incoherent laser beams in
a medium with thermal nonlinearity allowed us to
determine the conditions under which the effect of
nonlinear reflection occurs. The preferred transfor-
mation of a signal beam into a region of angles that fit
the geometrical reflection of the signal beam from the
pump beam was demonstrated.
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