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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 o;+w, -, -
®; +®, =®,, 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
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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 A; and A,, frequencies , and ®,, and
a signal wave with complex amplitude A; at frequen-
cy o, propagate in a waveguide located between the
planes towards each other. Nonlinear polarization
(A]A;)ZA2 is induced in the medium, which is the
source of an object wave with a complex amplitude
A, at the frequency ®,. 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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in the decomposition of the amplitudes of the first

is the nonlinear suscepti-

are the coefficients

pump wave, the signal wave on the leading edge ac-
(0)

2m
efficients in the decomposition of the amplitude of

cording to the modes of the waveguide; a5 is the co-
the second pump wave on the back face according to
the modes of the waveguide; f,(x,0,,) and Br(‘”l,z)
are the transverse component and the propagation
constant of the r-th mode of the waveguide; N; and
N, are the number of waveguide modes at frequen-
cies ®; and ,, and taken into account when calcu-
lating the amplitude of a wave with a DRWF;

=B, +By — By —Bs By +B,

is the wave detuning;
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is the overlap integral.
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For asignal wave from a point source, (A5(x,z=0)=
d(x—=x,), x, 1is the coordinate that determines
the displacement of the point source relative to the
axis of the waveguide) in the case of long waveguides,
pp'mss'r )1
# 0, the expression for

that is, we consider the condition Re(A
to be fulfilled if Re(A

the amplitude of the object wave takes the form of

pp'mss'r )
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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) 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
DRWEF.

As a waveguide we shall consider a two-dimen-
sional waveguide with infinitely conducting surfaces
located at a distance 2a from each other, filled with
a medium with refractive index n;. The modes of
such a waveguide are functions [12]

~ 1. n(r+l)
fr(x)—ﬁsm{ » (x+a)]. 3)

For the near-axis modes of the waveguide the prop-

agation constant of the r-th mode is

B (o12) <k 5 — ulaallf @
r\ @12 ) =Ko 2%,| 2a )
where kl2 =£n1(wlz) is the wave number.
c

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

b (p41) (50 = (s 1] (5741 |- 5
—{(m+l)2—(r+1)2}:0.

Here h=k, [k,.

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

B _|G(x,x0 =0,z=0)|

| G |, max ~ 18 the maximum

max

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 Ay(x,z=1/)= exp(—x2 /b?). Here b is the pump
wavelength.
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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

Puc. 1. 3aBucumocts monyns OPT ot nonepeynoit koopauHatel npu h=2 (a, 6), 0,5 (8, 2): mepBast BojiHa HAKAYKK OHOMOJ0Basi C HOMe-
poMm Mozbl p=0, aMIUIUTyAa BTOPOM BOJHBI HAKAYKH MEHSIETCSI [10 rayCCOBY 3aKOHY, a/b =1 (a,6),8(6,2)

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=0)= exp(—x2 /bz).

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 (Ax), de-
termined from the solution of the equation

|G(x = Ax,xy =0,z= 0)| = 6)
:%|G(x:a,x0 =0,z :O)|,

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.
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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

@at h=2 (),0,5 (b)

Puc. 2. 3aBUCHMOCTD NOJMYLIMPUHBI LEHTPAIBHOro Makcumyma Moy OPT oT mHMpUHBI raycCOBON BOJIHBI HAKAYKU: BTOPAsi BOJIHA Ha-
KadKHU [ayccoBa, lepBasi BOJIHA HaKaYKH OfHOMOooBasi (1); mepBast BOJTHA HAKAYKK TayCCOBA, BTOPast BOJIHA HAKAYKH OJHOMOJOBAsI (2) mpu
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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)

Puc. 3. 3aBucumocTb KoHTpacTa Mofaynsi OPT OT WMpPHUHBI raycCOBOM BONHBI HAKAYKHU: BTOPas BOJHA HAKauKM rayccoBa, MepBas BOJIHA
HaKa4yky ofHOMOAoBast (1); mepBasi BOJIHA HAKAYKH [ayCcCOBa, BTOpasi BOJIHA HAKAYKK ofHOMooBas (2) mpu h=2 (a), 0,5 (6)

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

maximum of the PSF modulus varies from 0,043a to
0,047a, and when the width of the first pump wave
is varied in this range, it increases from 0,041a to
0,052a.

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
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from 0,125a to 1,25a, the half-width of the central
maximum of the PSF modulus decreases from 0,26a
to 0,13a, provided that the amplitude of the first
pump wave varies according to the Gaussian law,
from 0,26a to 0,10a, 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 0,125a to 1,25a, 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=0,3a to b=2a. 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=0,3a to
b=2a.

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=0,3a to b=2a. 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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YnBoeHHOe oOpalieHre BOTHOBOrO ¢poOHTA NMPH ILIIECTUBOTHOBOM
B3aUMOJI€MICTBUH Ha KEPPOBCKON HEIMHEMHOCTU B BOJTHOBOJIE
¢ 6€CKOHEYHO MPOBOIAIIMMHU MOBEPXHOCTAMU

B.B. Usaxnux, [I.P. Kanusog, B.U. Huxonros

CamMapcKuii HallMOHAJIBHBIN HCCTIeJ0BaTeIbCKUI YHUBEepCUTeT uMeHH akagemuka C.I1. Koponesa
443086, Poccus, r. Camapa,
MockoBcKoe mocce, 34

Annomayua - O6ocHoBanue. [eHepauusi BOJHBI C YABOEHHBIM OGpAIeHHBIM BOJHOBBIM (POHTOM B MHOTOMOZOBBIX
BOJIHOBOJAX MOBBIIIAeT 3(pEKTUBHOCTH IIECTUBOJHOBBIX IMpeobpasoBaTesiell H3IydeHHUs, pacCIIMpsieT BO3MOKHOCTH HX
WCIIONIb30BAHUs B 3a[4avyax aJalTUBHOW ONTHKH, MPeoOpa3oBaHHUsl CIOXKHBIX MPOCTPAHCTBEHHO HEOLHODPOLHBIX BONH. Llenb.
[TpoaHaIM3HPOBAHO KAYeCTBO YABOEHHOTO 06palleH s BOJIHOBOIO GpPOHTA [IPH [IECTHBOJIHOBOM B3aMMOJEMCTBUH B BOJIHOBOJE
¢ 6eCKOHEYHO MPOBOAALIMMHU MOBEPXHOCTAMHU C KEPPOBCKOM HETMHEMHOCTHIO IPU OTHOLIEHUHU BOJIHOBBIX YKMCEJNl BOJIH HAKAYKH,
paBHOM 2 u 0,5, ¥ yCJIOBHH, YTO OfiHA U3 BOJIH HAKaYKH BO30YXKOAeT HY/IEBYI0 MOIY BOJHOBOAA, a paclpefeseHne aMIUIUTYAbI
OPYroi BOJHBI HAKAYKH HA PAHM BOJIHOBOAA OIKCHIBAETCS rayccoBoi ¢pyHKuuei. MeToabl. YHCIEHHBIMH METOLAMH H3Y4eHO
BIIMsIHUE TAPAMETPOB BOJIH HAKAYKH Ha OJIYIIMPHUHY U KOHTPACT MOAYJIsSI aMIUIUTY bl 0ObeKTHOM BOJIHBL. B KauecTBe CUTHAIBHOM
WCIO/NIb30BaHA BOJHA OT TOYEYHOrO MCTOYHMKA, PACIOIOKEHHOIo Ha IepefHel rpaHu BoiHOBoAa. Pesymprarsl. [lonydeHsI
3aBUCHUMOCTH MOJIYIIMPHUHBI ¥ KOHTPACTa MOAYJIsI AMIUTUTYAbl 06'bEKTHOM BOJHBI OT COOTHOLIEHHSI MEX/Y LIHPUHON BOJIHOBOJA
Y IIMPUHOM rayccOBOW BOJHBI HaKauKH. 3akiaoueHHe. [ToKa3zaHO, YTO MaKCHMaJbHOe M3MeHEHHEe XapaKTePUCTHUK BOJHBI C
YABOEHHBIM 06palleHHbIM BOJHOBBIM GPOHTOM HabIIi04aeTcsi IPU H3MEHEHNH IHUPHUHBI [AYCCOBBIX BOJH HAKAYKH B [HANA30HE
ot 0,3 10 2 NONyIINPHH BOJTHOBOAA.

Kniouesble cnosa — LIeCTHBOTHOBON Npeo6pasoBaTeb U3NIydeHUs; YABOEHHOE 06paleHre BOJIHOBOrO GppPOHTA; KePPOBCKas
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