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INTRODUCTION

The nonlinear reflection of optical beams from
inhomogeneities induced by other optical beams (i.e.,
the light reflection of light) is currently of great interest
of researchers [1–3]. A high�power pump wave gener�
ates negative inhomogeneities in the refractive index
for another wave in defocusing media. The mini�
mum of the refractive index is related to the maxi�
mum of pump intensity. The signal beam is refracted
upon propagation through an inhomogeneous
channel. If the angle of beam crossing is narrow, the
trajectory is so distorted that total internal reflec�
tion takes place.

This phenomenon has been studied well upon cas�
cade three�frequency interaction in quadratic media
[4], photorefractive media [5], and media with ther�
mal defocusing nonlinearity [6].

The greater the pump intensity, the higher the sig�
nal beam’s tilt angle; to achieve the condition of non�
linear total reflection, we therefore require a consider�
able power density of the pump beam. The pump beam
is thus focused, reflection occurs near the waist, and
the width of the inhomogeneity in the waist can be
narrow. In this work, we considered the impact of
pump beam width on the reflection dynamics. The
dependence of a portion of the tunneling wave energy
on the nonlinear channel width (essentially the width
of the pump beam) was found by means of numerical
simulation. We concluded that the propagation of part
of a signal beam part through the pump beam is anal�
ogous to the quantum tunneling effect. It is known
from quantum mechanics that the dependence of the
transmission factor upon the tunneling of a particle
through a rectangular potential barrier is [7]:
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where  is the Planck constant,  is the particle mass,
 is the potential barrier value,  is the particle energy,

and  is the potential barrier width. The value of the
transmission factor is exponentially reduced upon a
barrier increase.

BEAM INTERACTION
IN A QUADRATIC MEDIUM

We first bconsider parametrical beam reflection
upon three�frequency interaction. The system of
equations for envelopes  ( ) can be written
in the following form:

(2)

where  is a diffraction coefficient, γj =

 is a nonlinearity coefficient, 

is the carrier frequency,  is the tensor of quadratic
nonlinear susceptibility,  is the linear refractive
index,  is the speed of light, and  is
the dispersive detuning of wave vectors. The initial
conditions are written as

(3)

� m
u E

L

jA = 1, 2,3j

⊥

∂
+ Δ = − γ

∂

1
1 1 1 3 2*,

A
i D A i A A

z

⊥

∂
+ Δ = − γ

∂
2

2 2 2 3 1*,
A

iD A i A A
z

⊥

∂
+ Δ = Δ − γ

∂
3

3 3 3 3 1 2,m
A

iD A i k A i A A
z

−

=

1(2 )j jD k

/(2)
1 2 32 ( )j jcnπ χ ωe e e
�

ω j

χ
� (2)

jn
c Δ = + −1 2 3mk k k k

( ) ( )
( ) ( )

= = −

⎡ ⎤= = − − + θ⎣ ⎦

2 2
1 1 1

2 2
2 2 2

0 exp ,

0 exp ,

A z E x w

A z E x d w i x

Tunneling of Optical Beams through Inhomogeneity
of a Refractive Index

A. A. Kalinovicha, V. E. Lobanova, A. P. Sukhorukova, and A. L. Tolstikb

a Moscow State University, Moscow, 119991 Russia
b Belarus State University, Minsk, Belarus

Abstract—We consider the effect of tunneling of optical beams through a narrow induced inhomogeneity in
a refractive index. It is shown that under the condition of total internal reflection from the induced channel,
part of the signal beam leaks if the channel is narrow. Dependence of the pump beam width at which the tun�
neling of half signal power occurs is found as a function of the pump intensity and the angle of beam crossing.

DOI: 10.3103/S1062873810120221



BULLETIN OF THE RUSSIAN ACADEMY OF SCIENCES: PHYSICS  Vol. 74  No. 12  2010

TUNNELING OF OPTICAL BEAMS THROUGH INHOMOGENEITY 1719

where  is the beam amplitude,  is the beam
width,  is the initial displacement, and  is the tilt
angle of a signal beam.

System of equations (2) is numerically solved for
different values of a pump beam width . We investi�
gated the case of nonsynchronous cascade interaction
upon the large detuning of wave vectors 
under the conditions of the given pump field .
The dynamics of the propagation of an inclined signal
beam moving toward the pump beam was considered.
Due to the interaction, one part of the signal beam is
reflected while the other part passes through the inho�
mogeneity induced by the pump. The modeling results
are given in Fig. 1a. It can be seen that reflection coef�
ficient R is reduced and transmission factor T is
increased from zero as the pump width declines. Since
part of energy arrives at the third beam at frequency

, the sum of coefficients R and T is less than unity.
Introducing the positive detuning of wave vectors

 slightly increases beam propagation, but
amplifies the transfer to the third frequency. Since the
effect of tunneling is mixed with the effect of energy
transfer to the third frequency, this is inconvenient for
analysis.

BEAM TUNNELING 
IN A PHOTOREACTIVE CRYSTAL

Effective two�frequency interaction can be
attained in a medium with photoreactive nonlinearity.
The equations for envelopes  ( ) have follow�
ing form:

(4)

where  is a diffraction coefficient,  is a nonlinear�
ity coefficient, and  is a parameter describing nonlin�
earity saturation. Equations (4) were solved numeri�
cally. The dependences of reflection coefficient R and
transmission factor T are presented in Fig. 1b. A por�
tion of the energy propagates through the induced
nonlinearity at narrow widths of the pump beam, and
the reflection coefficient is reduced and the transmis�
sion factor is increased. The effect is analogous to
quantum tunneling through a potential barrier of finite
width.

We now consider the dependence of the pump
beam width at which a half beam propagates
( ), on the pump intensity value and the signal
beam’s angle of incidence. The results from numerical
simulation of the dependence of the pump beam’s
critical width on the intensity at two different fixed
angles of incidence are represented in Fig. 2a by
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points. The critical value of pump beam width 

increases as the intensity  declines, due to a weaken�
ing of refraction in the inhomogeneity and a reduction
in the critical tilt angle of the signal beam, which can�
not be exceeded if total reflection is to be attained
[4].The signal beam thus passes through the pump
beam easily and the critical value of the pump beam
width rises freely.

In analogy to Eq. (1), we may assume that the
transmission factor can be described by the formula

 upon the interaction of optical
beams. It follows that for fixed tunneling level , a
simple dependence of the critical pump beam width
on pump intensity can be obtained in the form

(5)

The numerical simulation data of Eqs. (4) were
approximated by the curves of type (5) shown in
Fig. 2a by solid lines. There is good agreement
between the tunneling theory of optical beams in non�
linear media and the well�known representations of
quantum mechanics.

We also obtained the dependence of the pump
beam width on the tilt angle of the signal beam relative
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Fig. 1. Dependences of reflection coefficient R and trans�
mission factor T on pump beam width  upon three�fre�
quency interaction in a quadratic nonlinear crystal (a) and
in photorefractive crystal (b).

1w



1720

BULLETIN OF THE RUSSIAN ACADEMY OF SCIENCES: PHYSICS  Vol. 74  No. 12  2010

KALINOVICH et al.

to the pump beam. We can see that the critical value of
the pump beam width increases as the tilt angle rises
(Fig. 2b), confirming the theory of total reflection in
photorefractive crystals [5].

CONCLUSIONS

The tunneling of optical beams through an induced
inhomogeneity was investigated. It was shown that

part of a signal beam can propagate through a narrow
induced inhomogeneity despite the conditions of total
internal reflection. The dependences of the pump
beam width needed for the reflection of half the signal
beam’s energy on the pump intensity and the tilt angle
of the signal beam were found for photorefractive
media.
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Fig. 2. Dependences of the critical pump beam width ,
at which half the power of the signal beam is tunneled on
pump intensity (a) and the tilt angle of the signal beam (b).
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