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INTRODUCTION

Much attention is now being given to systems based
on the strategy of controlling light with light [1–3].
Studying the effects of reflection, tunneling, and dif�
fraction upon the interaction of optical beams in non�
linear media is of special interest [4–6]. The imple�
mentation of waveguide propagation of one light beam
in the region of optical inhomogeneity induced by
another beam is an interesting manifestation of non�
linear interaction effects of light beams. These investi�
gations are intriguing as they expand the possibilities
of optical switching and using dynamic waveguide
structures in microparticle manipulation [7].

We conducted theoretical and experimental research
on the processes of forming dynamic waveguide struc�
tures in media with resonant thermal nonlinearity and
analyzed the possibility of controlling the space structure
of signal light beam upon its propagation in a localized
spatial region with the waveguide profile of a refractive
index, induced by a powerful pump beam. An absorbing
solution of organic dye with a negative thermo�optical
coefficient (dn/dT < 0) was selected to form the
waveguide structure upon the treatment of a powerful
singular light beam.

THEORETICAL MODEL

In order to describe the formation of spatially inho�
mogeneous waveguide structures of the refractive
index theoretically, we assume that powerful pump
wave E1 propagating in a nonlinear medium is charac�
terized by optical frequency ω1 that coincides with the
center of absorption line S0 – S1 of the dye solution.
The probe wave ES at frequency ωS for which the
medium is transparent has a collinear direction to the
pump wave. In theoretical modeling, we consider that
in addition to resonant nonlinearity, thermal nonlin�
earity plays a large role in forming the optical response
for dye solutions.

The expressions for nonlinear medium susceptibil�
ity at the frequencies ω1 and ωS take the following
form under these conditions:

(1)

(2)

where  =  
 Coefficients  are associated by

the Kramers–Kronig relations with Einstein coefficients
for stimulated transitions  in spectral channel

  is the velocity of light in the medium,
 is the initial extinction ratio; n0 is the reflective index;

and P21 is the total probability of spontaneous and nonra�
diative transitions. The value α = 
defines the intensity of saturation of resonant transition
(Isat = α–1). The  coeffi�
cient characterizes the thermal change in the reflective
index of dye solution. Here, τ is the duration of interac�
tion, Cρ is the heat capacity of unit volume, dn/dT is the
thermo�optical coefficient, and  is the quantum yield
of luminescence in the  channel.

According to the nonlinear modulation of the coef�
ficient of absorption and the revlective index in a pow�
erful pump wave field, equations for complex ampli�
tudes of light waves E1 and ES can be written in the fol�
lowing form:
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 is a transverse Laplacian.
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Considering the explicit form of expressions for
nonlinear susceptibility  in (1) and  in (2),
the Eqs. (3) system of a coupled wave becomes

(4)

where  The spatial coordinates
are normalized as follows: ξ = x/r0, η = y/r0, and ζ =

z/2LD1. Diffraction wave  is determined

by the width of the pump beam r0;  and
ka is the coefficient of absorption of the pump radiation.

It is assumed in the numerical modeling of the
Eqs. (4) system that the light pump beam on wavelength
λ1 = 532 nm, which is directed to the z = 0 boundary of
the nonlinear medium, is characterized by an intensity
distribution that is tubular in cross section and contain a
phase screw dislocation on the order of m: 

 ×  (Fig. 1a, upper
row). The signal beam on the wavelength λS = 0.63 µm at
the input of the nonlinear medium has a Gaussian

intensity profile: 
(Fig. 1a, lower row). The half�width of the light beams
was taken to be r01,0S = 200 µm; the peak beam inten�
sity varied within αI01 = 1–100; the initial coefficient
of absorption was selected on the order of ka = 1 cm–1;
and the spectroscopic and thermo�optical parameters
of nonlinear medium corresponded to an ethanol
solution of 6G rhodamine.

Figure 1b–d presents the results from numerical
calculations of the intensity distributions (white
denotes the maximum values) in the pump beam
(upper row) and in the signal beam (lower row) at the
ouput of the nonlinear medium  These dis�
tributions were obtained at different values of the
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intensity of the pump beam at the input. Despite the
presence of absorption, the singular pump beam prop�
agating in nonlinear medium is seen to retain the cir�
cular distribution of intensity in its cross section. In
this case, the spatial profile of refractive index in the
defocused medium formed by the powerful pump
beam is akin to the profile of the optical waveguide
(the maximum n value is reached along the axis of the
light beam). The signal light beam captured in the
region of the light�induced waveguide is localized
along the transverse dimensions are defined by the
pump beam (Fig. 1b–d, lower row).

Note that the reduced effectiveness of signal beam
focusing (Fig. 2) caused by the effect of absorption sat�
uration and the profile distortion of the optical
waveguide is observed at values of pump intensity that
appreciably exceed the saturation intensity (  >
30–50]). As this occurs, the extent of focusing (the
ratio between the peak intensity of the signal beam at
the output of the nonlinear medium and the peak
intensity at the input, ) depends consid�
erably on the coefficient of absorption of nonlinear
medium and can be varied within wide limits by
changing the pump intensity.

RESULTS AND DISCUSSION

Figure 3 presents our experimental setup for study�
ing the process of forming a waveguide structure in a
dye solution. The continuous radiation of helium–
neon laser 1 at wavelength λS = 632.8 nm was used as
the signal beam. The powerful light pulse at wave�
length λ1 = 532 nm was generated by yttrium–alumi�
num–garnet laser 2. The laser acted in the mode of
active Q�switching with generation frequency dou�
bling (pulse duration, τ =20 ns; laser beam intensity
divergence angle, 1.5 millirad; pulse repetition rate,
ν = 1–10 Hz). Holographic transparency 3 converted
the pump laser radiation to a singular light beam with
topological charge m = 1. Long�focus lens 4 was used

01Iα
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Fig. 1. Distribution of light beam intensity at output (a)
and input (b–d) of a nonlinear medium: αI01 = 1 (b),
5 (c), and 30 (d).
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Fig. 2. Relation between the extent of signal beam focusing
and pump beam intensity. (1) ka = 0.5 cm–1, (2) 1 cm–1,
and (3) 2 cm–1.
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to increase the pump power. Lens 4 ' was designed for
matching the transverse dimensions of the signal and
pump beams. System of moving mirrors 5 allowed us
to change the angle between the interacting beams and
the point of their interaction in the cell with nonlinear
medium 6. The cell length was 5 cm. An ethanol solu�
tion of 6G rhodamine, which effectively absorbs radi�
ation at the wavelength of pump laser generation, was
used as the nonlinear medium, since it was practically
transparent to the signal beam. The resulting interac�
tion was recorded on screen 8 using a camera as the
pump radiation transmitted through the cell was cut
off by light filter 7.

During the experiment, the outside diameter of the
singular pump beam at the input to the nonlinear
medium was 400 µm, while the inside core diameter
was 200 µm. When propagating in the absorbing solu�
tion of organic dye with the negative thermo�optical
coefficient (dn/dT < 0), a laser pulse with a circular
transverse distribution of intensity leads to the nonuni�
form distribution of temperature in the volume of
nonlinear medium. This results in a localized spatial
region with a gradient of the refractive index that is
similar to the profile of the refractive index of a typical
optical waveguide. If the signal light beam is directed
toward such a phase�modulated medium, the effects
of full or partial reflection can be manifested in accor�
dance with the geometry, as can the waveguide propa�
gation.

The use of signal beam with transverse dimensions
larger or equal to the dimensions of the pump beam,

leads to the ejection of signal beam radiation from the
region of selfinduced change in the reflective index
induced by the power beam. Different modes of inter�
action analogous to those of incoherent Gaussian light
beams from [5] are observed when we reduces the
dimensions of signal beam to 200 µm, which corre�
sponds to the dimensions of the core of the circular
dinstribution of pump beam intensity. When both
beams are directed toward the medium in alignment,
the change in the transverse distribution of signal beam
intensity at the output from the nonlinear medium
upon increasing the power of the pump beam confirms
the formation of the waveguide structure of the change
in the refractive index in the medium (Fig. 2b–d).

The following geometry was applied for the effec�
tive input of signal beam radiation into the induced
optical waveguide: the radiation of signal beam was
focused onto the front wall of cell, while the radiation
of the pump beam was focused at a distance of 2 cm
from the front wall deep into a cell. It can be seen from
Fig. 3c, d that the dimensions of the signal beam grad�
ually decreased at the output as the power of pump
increased. Distinct changes in the distribution of sig�
nal beam radiation occurred at a pump intensity of I =
20 MW cm–2. Raising intensity to I = 70 MW cm–2

allowed us to reduce the transverse dimensions of sig�
nal beam by two�three times (Fig. 3d). Upon raising
the pump intensity further, the dimensions of signal
beam began to increase slightly, as theoretical calcula�
tions predicted (Fig. 2). A more complicated trans�
verse structure of the signal beam at the output from
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Fig. 3. Circuit of the nonlinear interaction of light beams (a) ((1) He–Ne laser; (2) YAG laser; (3) optical transparency; (4) and
(4 ') lenses; (5) mirrors; (6) nonlinear medium; (7) light filter; (8) screen) and the form of signal beam intensity distribution at
the output from the nonlinear medium (b) in the absence of a pump beam and at pump intensities (c) I = 40 MW cm–2 and
(d, e) 70 MW cm–2. The focuses of the signal and pump beams were spaced at 2 cm (b–d) or coincided (e).
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the cell (Fig. 3e) was observed by distortion of the sig�
nal beam focus far from the cell’s front wall (in this
case, the focuses of the pump and signal beams coin�
cided). This could be due to the difraction effects on
the deformed waveguide structure in the powerful
pump beam’s region of focusing.

CONCLUSIONS

Our theoretical analysis of interacting noncoherent
laser beams in a medium with thermal nonlinearity
allowed us to determine the conditions of attaining the
mode of waveguide propagation of a signal light beam
in the region of optical inhomogeneity induced by a
powerful singular light beam. We experimentally dem�
onstrated the localization of signal beam intensity near
the waveguide axis upon collinear distribution of
beams in an ethanol solution of 6G rhodamin.
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