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Abstract – Background. Generation of a wave with a double reversed wavefront in multimode waveguides increases the 
efficiency of six-wave radiation converters and expands the possibilities of its use in adaptive optics problems and the conversion 
of complex spatially inhomogeneous waves. Aim. The quality of double wavefront reversal during six-wave interaction in a 
waveguide with infinitely conducting surfaces with Kerr nonlinearity is analyzed for the ratio of the wave numbers of the pump 
waves equal to 2 and 0,5, and the condition that one of the pump waves excites the zero mode of the waveguide, and the amplitude 
distribution of the other pump wave excites the edges of the waveguide are described by a Gaussian function. Methods. The 
influence of pump wave parameters on the half-width and contrast of the amplitude modulus of the object wave was studied using 
numerical methods. A wave from a point source located on the front face of the waveguide was used as a signal wave. Results. 
The dependences of the half-width and contrast of the amplitude modulus of the object wave on the ratio between the width of 
the waveguide and the width of the Gaussian pump wave are obtained. Conclusion. It is shown that the maximum change in the 
characteristics of a wave with a double reversed wavefront is observed when the width of the Gaussian pump waves changes in 
the range from 0,3 to 2 half-widths of the waveguide.
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Introduction

The presence of fifth-order nonlinear susceptibil-
ity in the medium makes it possible, when realizing 
six-wave interaction in the form of ω +ω −ω −1 1 1

,ω +ω = ω1 2 2  to obtain a wave whose complex am-
plitude is proportional to the square of the complex-
conjugate amplitude of the signal wave (a wave with 
a Doubled Reversed Wavefront (DRWF)) [1–2]. Wave 
generation with DRWF expands the possibilities of 
using six-wave radiation converters in the tasks of 
phase distortion correction, conversion of complex 
spatially inhomogeneous waves, etc. [3].

In order to increase the efficiency of multiwave-
length converters, it is reasonable to switch from the 
consideration of interaction in transverse dimension-
ally unbounded media to the consideration of inter-
action in waveguides [4–6]. At the same time, when 
it comes to the transformation of complex spatially 
inhomogeneous fields, there is always the problem of 
the quality of the transformation, i.e. about the cor-
respondence between the complex amplitudes of 
the signal wave and the wave with a doubled reversed 
wavefront [7–8]

Herein, we analyze the effect on the quality of 
the DRWF at six-wave interaction in a waveguide 

with infinite conducting surfaces filled with a me-
dium with Kerr nonlinearity, the spatial structure of 
the pump waves, provided that the ratio of the wave 
numbers of the pump waves is a multiple of integer 
or semi-integer.

1. Principal Part

We assume that two pump waves with complex 
amplitudes A1  and ,A2  frequencies ω1  and ,ω2  and 
a signal wave with complex amplitude A3  at frequen-
cy ω1  propagate in a waveguide located between the 
planes towards each other. Nonlinear polarization 
( )A A A∗ 2

1 3 2  is induced in the medium, which is the 
source of an object wave with a complex amplitude 
A6  at the frequency .ω2  The phase of the object 
wave is proportional to the doubled phase of the sig-
nal wave taken with a minus sign (a wave with a Dou-
bled Reversed Wavefront).

In the approximation of a given field by pump 
waves, at a small conversion factor, without taking 
into account the change of the refractive index due 
to the self-interaction of pump waves, the amplitude 
of the object wave with DRWF at the front edge of 
the waveguide is [9].
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 ( )χ 5   is the nonlinear suscepti-

bility of the fifth order;  ( ) ,pa 0
1  ( )

sa 0
3  are the coefficients 

in the decomposition of the amplitudes of the first 
pump wave, the signal wave on the leading edge ac-
cording to the modes of the waveguide; ( )

ma 0
2  is the co-

efficients in the decomposition of the amplitude of 
the second pump wave on the back face according to 
the modes of the waveguide; .( , )rf x ω1 2

  and ,( )rβ ω1 2  
are the transverse component and the propagation 
constant of the r-th mode of the waveguide; N1  and 
N2  are the number of waveguide modes at frequen-
cies ω1  and ,ω2  and taken into account when calcu-
lating the amplitude of a wave with a DRWF; 

pp mss r p p′ ′ ′∆ = β +β − m s s r
∗ ∗

′β −β −β +β

is the wave detuning; 

( ) ( ) ( ), , ,pp mss r p p mf x f x f x′ ′ ′γ = ω ω ω ×∫ 1 1 2
  

( ) ( ) ( ), , ,s s rf x f x f x dx′× ω ω ω1 1 2
  

is the overlap integral.
For a signal wave from a point source, ( ( , )A x z = =3 0

( ),x xδ − 0  x0  is the coordinate that determines 
the displacement of the point source relative to the 
axis of the waveguide) in the case of long waveguides, 
that is, we consider the condition Re( )pp mss r′ ′∆   1  
to be fulfilled if Re( )pp mss r′ ′∆ ≠ ,0  the expression for 
the amplitude of the object wave takes the form of
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As in the case of considering the quality of wave-
front reversal in four-wave interaction [10–11], we 
will refer to the function ( , , )G x x z =0 0  as the Point-
Spread Function (PSF).

Note that while at four-wave interaction the knowl-
edge of PSF fully describes the accuracy of RWF, 
the  nonlinear nature of the relationship between 
the  complex amplitude of the object wave and the 
complex amplitude of the signal wave allows using 
PSF to speak only qualitatively about the accuracy of 
DRWF.

As a waveguide we shall consider a two-dimen-
sional waveguide with infinitely conducting surfaces 
located at a distance a2  from each other, filled with 
a  medium with refractive index .n1  The modes of 
such a waveguide are functions [12]

( ) ( )
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For the near-axis modes of the waveguide the prop-
agation constant of the r-th mode is 
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where ,
, ,( )k n

ñ

ω
= ω1 2

1 2 1 1 2  is the wave number.

The condition of the six-wave interaction with 
DRWF in a long waveguide with infinite conducting 
surfaces is written as follows

( ) ( ) ( ) ( )h p p s s ′ ′+ + + − + − + −  
2 2 2 21 1 1 1  (5)

( ) ( ) .m r − + − + =  
2 21 1 0

Here / .h k k= 2 1
In the case when the ratio of the pump wave num-

bers is not equal to an integer or a ratio of integers, 
condition (5) is satisfied only when the mode number 
of the objective wave coincides with the mode num-
ber of the second pump wave ( ).r m=  This reduces 
the number of combinations of waveguide modes in-
volved in the formation of the wave with the DRWF.

Fig. 1 shows characteristic normalized graphs 
of the dependence of the moduli of the blur func-
tions of a point located on the axis of the waveguide 

( )
max

, ,
( ,

G x x z
G

G
= =

= 0 0 0
  maxG  – is the maximum 

value of the function) on the normalized transverse 
coordinate, provided that the first pump wave is sin-
gle–mode with the mode number ,p = 0  and the am-
plitude of the second pump wave on the back face 
of the waveguide is described by the Gaussian func-
tion ( , )A x z = =2  exp( / ).x b− 2 2  Here b  is the pump 
wavelength.



40
Ivakhnik V.V., Kapizov D.R., Nikonov V.I. Double wavefront reversal during six-wave interaction ...

Ивахник В.В., Капизов Д.Р., Никонов В.И. Удвоенное обращение волнового фронта ...

Similar graphs of the dependence of the moduli of 
the point blur functions are observed when the sec-
ond pump wave is single-mode with the mode num-
ber ,m = 0  and the amplitude of the first pump wave 
on the leading edge of the waveguide is described by 
the Gaussian function ( , )A x z = =1 0 exp( / ).x b− 2 2

In calculating the PSF modulus, 20 modes of the 
signal wave, the first pump wave, and 20h modes 
of the object wave, the second pump wave, were 
considered.

Both when considering the Gaussian structure of 
the first pumping wave and when considering the 
Gaussian structure of the second pumping wave, the 
PSF modulus consists of central and side maxima. At 
a fixed frequency of the first pump wave, increasing 
the frequency of the second pump wave increases the 
number of side maxima, decreases the width of the 
central maximum. Changing the width of the Gauss-
ian pump wave changes the ratio between the central 

and side maxima, affecting the width of the central 
maximum.

The quantitative parameters characterizing the 
quality of the DRWF may consist of the half-width of 
the central maximum of the PSF modulus ( ),x∆  de-
termined from the solution of the equation

( ), ,G x x x z= ∆ = = =0 0 0  (6)

( ), , ,G x a x z= = = =0
1 0 0
2

and the contrast of the PSF modulus, defined as the 
ratio of the value of the central maximum to the larg-
est value of one of the side maximums (K). 

It is obvious that the use of the half-width of the 
central maximum of the PSF modulus for the analysis 
of the quality of the DRWF assumes the presence of 
a pronounced central maximum. Otherwise, which is 
observed, for example, at ,h = 0 5  and ,b a>  it is not 
possible to use this parameter to analyze the quality 
of DRWF.

  
 a b

  
 c d
Fig. 1. Dependence of the PSF modulus on the transverse coordinate at h = 2  (a, b), 0,5 (c, d): the first pump wave is single-mode with the 
mode number ,p = 0  the amplitude of the second pump wave changes according to the Gaussian law, a b = 1  (a, c), 8 (b, d)
Рис. 1. Зависимость модуля ФРТ от поперечной координаты при h = 2  (а, б), 0,5 (в, г): первая волна накачки одномодовая с номе-
ром моды ,p = 0  амплитуда второй волны накачки меняется по гауссову закону, a b = 1  (а, в), 8 (б, г)
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Improving the quality of the DRWF involves both 
narrowing the central maximum and increasing 
the contrast of the PSF modulus. 

In the case of ,h = 2  with a decrease in the width 
of the second Gaussian pump wave under the condi-
tion of a single-mode first pump wave with the mode 
number ,p = 0  the half-width of the central maximum 
of the PSF modulus changes slightly and increases 
monotonously with a decrease in the half-width of 
the first Gaussian pump wave under the condition 
of a single-mode second pump wave with the mode 
number m = 0  (Fig. 2, a). In the range of variation of 
the width of the second Gaussian pump wave from 

,b a= 0 125  to , ,b a= 1 25  the half-width of the central 

maximum of the PSF modulus varies from , a0 043  to 
, ,a0 047  and when the width of the first pump wave 

is varied in this range, it increases from , a0 041  to 
, .a0 052
The contrast of the PSF modulus increases with 

decreasing width of the second Gaussian pump wave 
under the condition of single-mode first pump wave 
and changes weakly with changing width of the first 
Gaussian pump wave under the condition of single-
mode second pump wave (Fig. 3, a).

In the case of , ,h = 0 5  as the width of either the 
first or second Gaussian pump waves decreases, the 
half-width of the central maximum of the PSF modu-
lus decreases (Fig. 2, b). In the range of variation b  

  
 a b
Fig. 2. Dependence of the half-width of the central maximum of the PSF module on the width of the Gaussian pump wave: the second 
pump wave is Gaussian, the first pump wave is single-mode (1); the first pump wave is Gaussian, the second pump wave is single-mode 
(2) at h = 2  (a), 0,5 (b)
Рис. 2. Зависимость полуширины центрального максимума модуля ФРТ от ширины гауссовой волны накачки: вторая волна на-
качки гауссова, первая волна накачки одномодовая (1); первая волна накачки гауссова, вторая волна накачки одномодовая (2) при 
h = 2  (а), 0,5 (б)

  
 a b
Fig. 3. Dependence of the contrast of the PSF module on the width of the Gaussian pump wave: the second pump wave is Gaussian, the 
first pump wave is single-mode (1); the first pump wave is Gaussian, the second pump wave is single-mode (2) at h = 2  (a), 0,5 (b)
Рис. 3. Зависимость контраста модуля ФРТ от ширины гауссовой волны накачки: вторая волна накачки гауссова, первая волна 
накачки одномодовая (1); первая волна накачки гауссова, вторая волна накачки одномодовая (2) при h = 2  (а), 0,5 (б)
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from , a0 125  to , ,a1 25  the half-width of the central 
maximum of the PSF modulus decreases from , a0 26  
to , ,a0 13  provided that the amplitude of the first 
pump wave varies according to the Gaussian law, 
from , a0 26  to , ,a0 10  provided that the amplitude of 
the second pump wave varies according to the Gauss-
ian law.

The contrast of the PSF modulus in the range of 
variation b  from , a0 125  to , ,a1 25  with decreas-
ing width of the second Gaussian pump wave, in-
creases and comes to a constant value equal to 3,46. 
As  the  width of the first Gaussian pump wave de-
creases, the contrast of the PSF modulus increases 
at first, reaches a maximum value of 5,41, and then 
slowly decreases (Fig. 3, b).

The maximum value of the contrast change rate, 
the half-width of the central maximum of the PSF 
modulus for both ,h = 2  and , ,h = 0 5  is observed 
in the range of variation in the width of Gaussian 
pump waves from ,b a= 0 3  to .b a= 2  With a further 
decrease in the width of the Gaussian pump wave, 
the rates of change of both the half-width of the cen-
tral maximum and the contrast of the PSF modulus 
decrease significantly and, in some cases, tend to 
zero. Thus, the main influence of the Gaussian pump 
wave width on the quality of the DRWF is observed 

in the range of pump wave widths from ,b a= 0 3  to 
.b a= 2

Conclusion
At the ratio of wave numbers of the second and first 

pump waves equal to 2 and 0,5, the quality of the dou-
bled wavefront reversal of a signal wave from a point 
source at six-wave interaction on the Kerr nonlinear-
ity in a waveguide with infinite conducting walls is 
analyzed. 

We demonstrated that the maximum change in the 
characteristics of the wave with DRWF is observed 
when changing the width of Gaussian pump waves 
from ,b a= 0 3  to .b a= 2  In this range, at , ,h = 0 5  
a decrease in the widths of the Gaussian pump waves 
leads both to a decrease in the half-width of the cen-
tral maximum and to an increase in the contrast of 
the PSF modulus. At ,h = 2  a decrease in the width 
of the first Gaussian pump wave under the condi-
tion of a single-mode second pump wave increases 
the half-width of the central maximum and weakly 
affects the contrast of the PSF modulus. The quality 
of the doubled wavefront reversal of the signal wave 
from a point source located at the leading edge of the 
waveguide deteriorates with decreasing width of the 
first Gaussian pump wave.
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Удвоенное обращение волнового фронта при шестиволновом 
взаимодействии на керровской нелинейности в волноводе 

с бесконечно проводящими поверхностями

В.В. Ивахник, Д.Р. Капизов, В.И. Никонов
Самарский национальный исследовательский университет имени академика С.П. Королева  

443086, Россия, г. Самара,  
Московское шоссе, 34

Аннотация – Обоснование. Генерация волны с удвоенным обращенным волновым фронтом в многомодовых 
волноводах повышает эффективность шестиволновых преобразователей излучения, расширяет возможности их 
использования в задачах адаптивной оптики, преобразования сложных пространственно неоднородных волн. Цель. 
Проанализировано качество удвоенного обращения волнового фронта при шестиволновом взаимодействии в волноводе 
с бесконечно проводящими поверхностями с керровской нелинейностью при отношении волновых чисел волн накачки, 
равном 2 и 0,5, и условии, что одна из волн накачки возбуждает нулевую моду волновода, а распределение амплитуды 
другой волны накачки на грани волновода описывается гауссовой функцией. Методы. Численными методами изучено 
влияние параметров волн накачки на полуширину и контраст модуля амплитуды объектной волны. В качестве сигнальной 
использована волна от точечного источника, расположенного на передней грани волновода. Результаты. Получены 
зависимости полуширины и контраста модуля амплитуды объектной волны от соотношения между шириной волновода 
и шириной гауссовой волны накачки. Заключение. Показано, что максимальное изменение характеристик волны с 
удвоенным обращенным волновым фронтом наблюдается при изменении ширины гауссовых волн накачки в диапазоне 
от 0,3 до 2 полуширин волновода.

Ключевые слова – шестиволновой преобразователь излучения; удвоенное обращение волнового фронта; керровская 
нелинейность.
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