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Spatial characteristics of the degenerate four-wave radiation converter in a liquid containing nanopar-
ticles were studied using a scheme with concurrent pump waves. The phase matching condition was
shown to determine the general form of the spatial spectrum amplitude of the object wave, with the elec-
trostriction phenomenon and Dufour effect shown to cause the emergence of dips in the spatial spec-
trum amplitude, with the dip positions corresponding to the propagation directions of the pump waves.
The relationship between characteristics of the dips and the pump wave parameters were obtained.
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Introduction

To generate phase conjugate (PC) wave in four-wave
mixing two schemes are used: scheme with opposing
pump waves and scheme with concurrent pump waves
[1, 2]. The choice of first or second scheme depends
on the problem being solved and requirements im-
posed on the PC wave. In four-wave mixing in scheme
with opposing pump waves PC of the incident (signal)
wave is complete. The PC wave (object wave) propa-
gates towards the signal wave and when it passes again
through the same optically inhomogeneous medium
through which the signal wave passed the phase dis-
tortions introduced into the signal wave are compen-
sated [3].

In the scheme with concurrent pump waves only the
transverse component of the wave vector of the inci-
dent wave is reversed. The PC wave propagates in the
direction of the signal wave. It may be preferable, for
example, to compensate for phase distortions arising
when the signal wave propagates through one optical-
ly inhomogeneous medium and the PC wave propa-
gates through another optically inhomogeneous me-
dium the parameters of which are same or close to the
parameters of the first medium [4].

Both four-wave mixing schemes with opposing and
concurrent pump waves are used for image processing
and analysis, in quantum cryptography, for ultra-high-
speed optical signal processing, etc. [5-7].

Up to present time, the PC quality analysis has been car-
ried out for four-wave radiation converters with concur-
rent pump waves in the medium with Kerr, resonance,
thermal nonlinearities [8—10]. In recent years, the pos-
sibility of using media containing particles of micro- and
nanosize (colloidal solutions, suspensions, etc.) for real-
ization of four-wave mixing has been actively discussed
[11-16]. When liquids containing nanoparticles are
used as nonlinear media a significant influence on the
spatial structure of the PC wave can be provided by such
physical processes as electrostriction and Dufour effect
[17-19]. In this paper, we analyze spatial selectivity of
the four-wave radiation converter with concurrent pump
waves in the transparent liquid filled with nanoparticles
the density of which is equal to the density of liquid.

1. Four-wave mixing model
We consider the typical scheme of degenerate four-
wave mixing o+o-w=o with concurrent pump waves in
a plane layer thickness ¢ (fig. 1).
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Fig. 1. Four-wave mixing scheme with concurrent pump
waves

In the medium two plane pump waves with complex ampli-
tudes 4, ()= 4, (=)exp(=ik,,7) (K, (%,,k,.) are
the wave vectors of the pump waves, z is the longitudi-
nal component of the radius vector 7 ) propagate and
the signal wave with complex amplitude A, propagates.
We assume that the wave vectors of the pump waves lie
in the XZ-plane (the plane of the pump waves). Inter-
ference of the pump waves and the signal wave leads to
a change in the radiation intensity in space and, due to
electrostriction, to the emergence of the nanoparticles
concentration flux. Due to Dufour effect the concentra-
tion flux changes the temperature (5T), and hence the
refractive index of the medium (8n = (dn/dT)3T). Asa
result of diffraction of the pump waves on the refractive
index gratings, the object wave with complex amplitude
A, is generated.

The initial Helmholtz equation describing four-wave
mixing of radiation in the transparent nonlinear me-
dium has the form [17, 18]

iﬂar}(mx) =0

Vi 4k + 1
[ n, dT @

4

where 4= 4, , k=on,/c, oisthe cyclic frequency,
j=1

n, is the average value of the refractive index, c is the

speed of light.

Equation (1) is supplemented by a system of material

equations for the concentration (3C) and temperature

variation [11, 19]

aic — D VSC+yVI, )
86

N 2 =D, V3T +D,V*5C. (3)

Here, D,;, D,,, D, and vy are the coefficients of ther-

mal conductivity, diffusion, Dufour and electrostric-
tion respectively, ¢, is the specific heat of matter, v
is the density of matter, I = AA" is the intensity of
radiation.
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2. Four-wave mixing considering the
temperature gratings arising from
interference of the pump waves
and the signal wave

For steady-state (stationary) regime, from the system

of material equations (2) — (3) we obtain equation re-

lating the temperature variation to the intensity of the
interacting waves

visr =P vy 4

In the purrlllp waves approximation (| | 2| >> |A3 4|L with
a small conversion coefficient |A]’2 L>>|A3’4I) the in-
tensity of radiation propagating in the nonlinear me-
dium can be written as follows
I=1+A4; +A4 A+ A4 + 44, 5)
where I, =1, +1,, I, = 4,4,.

Then the temperature variation can be represented as
a sum of rapidly (3T, 3T,,) and slowly (8T,) varying
components depending on the coordinates

8T (7) =T, (2)+ 3T, (F)+ 8T (F) + ©
+3T:, (F) +8T; ().

We expand the signal and object waves into plane
waves and the rapidly varying components of the tem-
perature variation into harmonic gratings

jA

@)

_[5 312 Kri252 exp( iﬁn,zﬁ)dr{ﬂ,z' (8)

Here, Aj. is the spatial spectrum of the jth wave, 87;,,
are the spatial spectra of the temperature gratings,
K. (K oo K]y) and kj are the transverse and longitudi-
nal components of the wave vector k ,j=3.4, kc =k,
K1 (Kpioes Koy ) are the wave vectors of the tem-
perature gratings, p(x, y) is the transverse component
of the radius vector.
As shown in [9, 10|, when the boundary condition
4,(¥,,z=0)=0 is performed and only the tempera-
ture gratings are recorded in the nonlinear medium the
spatial spectrum of the object wave on the back edge
of the nonlinear layer is related to the spectra of the
temperature gratlr}gs})ry the following expression
A'(K z=0)= —z—dTAzox

ny

z)exp(—ik p—ik,.z)d¥,,

57;1 2

xj‘SfM (Rpy.z)exp| =i (k. —k,.)z |dz— )
0

_i:—o;i; ~10J.6T32 Ky, 2 exp[ k4z)szz.

Here, A (K z) A (K4, exp[P J,

P(z)_liﬂjw (z,)dz, A =4,(z=0).
n

0
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Expression (9) is written for quasicollinear propaga-
tion of the interacting waves under condition

K, =K, +K, =K, +K, .

Expression for the spatial spectrum of the object wave
is supplemented by a system of differential equations
derived from the material equation (4) describing the
change in spatial spectra of the temperature gratings
alor;g the thickness of the nonlinear layer

d ~ -
?_Kil,z 8T3|,2 (KT1,2’Z) =

=Y ;11,20‘;13*0 ('23 ) X (10)

12
D11D22

X[Kil,Z + (kl,Zz - k3z )2 :| 28Y |:_i(kl,22 - k3z )Z:|

where 4, (k)= A, (K;,2=0), Ky, =K, —K;. ‘

Ifthetemperature is constant on the edges of the nonlin-

ear layer (87}, (T<m, z= 0) =87, (gfcm, z= 4) = O)

the solutions of equations (10) are

. D, A4, 5 Ay, (%,)

6T K ,z)= 12471,20730 3
31,2 ( 71,2 ) D, D,

X {exp [—i (kL22 —k,, ) 4 sinh(Kngzz) -

—sinh [KTM (z— E)J} —exp [—i(kl,h —k,, )z]
Substituting (11) into (9) and integrating over the z
coordinate we obtain the spatial spectrum of the object
wave on the back edge of the nonlinear medium

A (Ry.z=0)= Al (Kyz= £)+;L:2 (Ry.z=1),
Here,
.;1!“,2(124,Z=£)=—i

(gnh*(xﬂﬂf)x
(11)

(12)
kyD,, ﬂx
n,D,,D,, dT

x Ay Ay, AL (Tg )[(2 sinh(KTLz())-l X
X({exp[_i(kl,zz — k. )f:| - eXP(_Kﬂ,zf)} x

y exp{[sz - i(kZ,lz —k,. )Jf} -1 N
KT1,2 _i(kZ,lz _k4z

+{exp[—i(k1q22 —k,, )EJ - exp(KTl’zﬁ)} X

exp{—[Kn,z + i(kl,lz -k, ):| g} -1
X —_
Ky +i(kyy. K, )

~ia” [exp(-int)-1]],

A=(k +k,—k,—Fk,) is the projection of the wave
mismatch on the Z-axis, x,,, = |T<m| . In the paraxial
approximation A = (&, - &, )(¥, - &, )/k .

The spatial spectrum of the object wave is the sum of
the spatial spectra of two waves one of which arises
when the first pump wave diffracts on the tempera-

(13)
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ture grating 67;, and the other arises when the second
pump wave diffracts on the temperature grating 37, .
If one of the pump waves, for example A,, is incoherent
with the first pump wave and the signal wave then one
temperature grating 87, is recorded in the nonlinear
medium, and the spatial spectrum of the object wave
is determined by the spatial spectrum of the wave 4.
In this and the following section we’ll assume that the
signal wave is a wave from a point source located on
the front edge of the nonlinear medium (;130 (%)= 1) .
In fig. 1 the characteristic modules of the spatial
spectrum of the object wave are adduced in the pres-
ence of one (fig. 2a) and two (fig. 2b) temperature
gratings provided that the pump waves fall on the
nonlinear medium at the equal angles (¥, =—%,).
Dependence of the projection of the wave mismatch on
the Z-axis on the transverse components of the wave
vectors of the interacting waves (the phase-matching
condition) determines the general form of the spatial
spectrum module of the object wave [8], and the pres-
ence of electrostriction and Dufour effect determines
the emergence of the dips in the spectrum module the
positions of which correspond to the directions of the
pump waves propagation.

| 4], arb.u

a)

T
T
i

R
\\’;‘;‘;”””/"’;}z
.Lt’ i
il ";’ ~

-0.05

b) K. /k

Fig. 2. Spatial spectra of the object wave with considering

one (a) and two (b) temperature gratings at k¢ = 5000,
K, /k=-x,,/k=0.01
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When one temperature grating 87;, is recorded and
only phase-matching condition is considered in the
plane of the pump waves ((124122): K4K2) two max-
ima are observed in the spatial spectrum of the ob-
ject wave, the positions of which are defined by the
spatial frequencies of the pump waves «,, = Tc,!2|.
As follows from (11) considering, in addition to the
phase-matching condition, the electrostriction phenom-
enon and Dufour effect leads to the absence of the tem-
perature grating at k,, — 0 and to the emergence of the
dip instead maximum in the spatial spectrum module of
the object wave at the spatial frequency of the second
pump wave (fig. 3a). At the fixed incidence angle of the
first pump wave the rotation of the second pump wave
shifts the dip position in the spatial spectrum by the

amount of rotation. )
‘A_:“, arb.u.

(AL L AV ¢,k
b)) -0. 0.1

Fig. 3. Spatial spectra of the object wave in the plane of the
pump waves with considering one (a) and two (b) temperature
gratings at k¢ =5000, x,, /k=-x, /k=0.01 (1), 0.03 (2),
0.05 (3)

The propagation direction of the pump waves doesn’t in-
fluence the spatial spectrum module of the object wave
in the dip area.

When two temperature gratings are recorded in the
plane of the pump waves two dips are observed in
the spatial spectrum module of the object wave, the
positions of which are determined by the spatial fre-
quencies of the pump waves (fig. 3b). In contrast with
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recording of one temperature grating when the mini-
mum value of the spatial spectrum module is zero in
the dip, when two gratings are recorded the minimum
value of the spatial spectrum module is not zero in the
dip and it depends on the incidence angle of the pump
waves on the nonlinear medium. The nonzero value of
the spatial spectrum module in the dip is related to the
recording of two temperature gratings in the medium.
Thus, at the dip point (&, =&, ) the maximum value of
the spatial spectrum of the object wave 4, (k,,z="/)
is superimposed on the zero value of the spatial spec-
trum of the object wave 4 (&,,z="¢).

We introduce a parameter characterizing the visibility
of the dip in the spatial spectrum module of the object
wave

A, —A,
— A4max 4 min (14)
4 max 4min|
where 4, =|4;(k,=%,z=¢) is the value

of the spatial spectrum module in the dip (on
the spatial frequency of the first pump wave),
Ay :|Z§(T<4max,z:£) is the largest value of the
spatial spectrum module in the dip area under the
condition «,,, > K, Ky =|Rimy| is the spatial
frequency at which the largest value of the spatial
spectrum is achieved.

To analyze the spatial selectivity of the four-wave
radiation converter in the plane of the pump waves
we introduce the dip width (Ax)
Ax = |K4lx - K42x| (15)
where «,, and «,, are the spatial frequencies in the

dip area which are found from the solution of equation
g A max +4
A4 (K4],2x’K4l,2y =0,z= Z)‘ == (16)

4 min
2

When the pump waves fall on the nonlinear medium
at the equal angles, the increase of the incidence angle
leads to a monotonic decrease of the value A, . The
visibility (fig. 4, curve 1) and the dip width in the spa-
tial spectrum module of the object wave (fig. 4, curve
2)Vis decreased.

(Ax/k)x10°
T1.3
0.3 +
T12
0.28 4
T 1.1
0.26 + + + + 1
0.01 0.02 0.03 0.04 0.05 K, / k

Fig. 4. Dependencies of the visibility (1) and the dip width (2)
on the rotation angle of the pump waves at k¢ = 5000
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The change of the spatial spectrum phase of the object
wave (¢) considering both one and two temperature
gratings are determined by the projection of the wave
mismatch on the Z-axis and at &, =—«, is described
well by a parabolic law

V4
E(Kf“(i)-

(P(K4): (17)

3. Time evolution

of the spatial spectrum of the object wave
In the case of nonstationary four-wave mixing the
temporal dynamics of the particle concentration grat-
ings influence significantly on the time dependence of
the spatial spectrum of the object wave [19].
Like the temperature variation we represent the con-
centration variation as a sum of rapidly (3C,, 3C,,)
and slowly (8C,) varying components depending on
the coordinates

8C(F,t)=8C, (z,1)+8C;, (F,1)+

+3C;, (F,1)+8Cy, (7,1)+3C;, (F,1).
We expand the rapidly varying components of the con-
centration into harmonic gratings

8C,,, (7.1)= ISCMZKOZJt)

(18)

(19)
x exp(—mcup) dx;,,.
Here, 3C,,, are the spatial spectra of the concentra-
tion gratings caused by interference of the signal wave
and the pump waves, ¥, (KCl,zx,KCl,zy) are the wave
vectors of these gratings.
We'll assume that the spectra of the temperature grating like
the spectra of the concentration gratings change over time.
Considering expansion of the temperature and con-
centration gratings into harmonic gratings the system
of equation (2) - (3) can be rewritten as follows
08C;, , (r(m,sz) _

ot -

d2
_Dzz(dz KC12]6C312(K01,2’ZJ)_

(20)
_Y|:(k],22 _k3z) +KC12:|
><Alzo( )A;O(ﬁ3,t)exp|:—i(kl)22 _k3z)z:|’
687;12( Kr1252 t) _
_Dn(dz Krlzngﬂz(Krlst t) (21)
dz*

dZ
+D12(dzz c12j8c312( Keips 2, t)'

Equations (20) - (21) are written under the condition
IQ<c1,2 = ‘271,2 .
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We'll find the solution of the system of equation (20)
- (21) in the form of Fourier series

6631,2 ('_{CLz’Z’t) = %COI,Z (ﬁa,z’t)"'

0

+Z Coia (r{a,z , t) cos%z,

m=1

87:31,2(7912, ,) Z M( Krps )sin%z

(22)

where Cpp Cup T, are the coefficients of series ex-
pansion.
Substituting  (22) into the material equa-

tions (20) - (21) in the absence of the parti-
cle flux through the edges of the nonlinear layer

((dséﬂ,z Jaz)| = (a8C,,, fa)| = 0)

with  considering the initial conditions
8C,,, (Repp02.t=0)=0 we find the coefficients
Cy » C,,,- Knowing the expansion coefficients of
the spectra of the concentration gratings in series
with the temperature unchanged on the edges of
the nonlinear layer, with considering the initial
conditions 87, («;,,.z¢=0)=0 we find the co-
efficients T ,, and hence, time evolution of the
spatial spectra of the temperature gratings in the

form [19]

2
2iyD,, |:( o k) + KTI 2:|
zZ,t)= x

C, VT (12z ks, )¢

.

o4
|
—
A

na(v=7) -

_g{l— - exp[ i(k,. — ) J}
Tl2:| 1

(
_(% [(& - J ’

IS <1>“"]

Ss+m m

xexp{—Dzz K"T’"j . K;IJ(T_T')HW .
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For stationary recording regime of the tempera-
ture gratings (#—oo) expressions for 87;, ob-
tained from (23) coincide with expressions for the
spatial spectra of the temperature gratings (11).
Substituting (23) into (9), integrating over the z
coordinate we obtain analytic expression for the
time dependence of the spatial spectrum of the
object wave as the sum of the spatial spectra of
two waves

—2yD,,k |:(kl,22 —ks. )2 + K;1,2:|
c,vi, (kl,Zz —k;, )(kz,lz —k,. )2 I

x;i_;l”az,lo (t)i{l _(_l)s exXp [_i(kz’lz — ks )£:|} x

s=1

;14:1,2 (ﬁ4,t)=

(24)

1=(=1) Jexp[ Do, (+-7)] -

Ss+m

Y |~
| |
3 =
1
3
S|
X

xexp {—Dn K%T + K;1’2:|(‘E - r')}] dv' |dt.

Expressions (13) and (24) describing the spatial
spectra of the object waves on the back edge of the
nonlinear layer in the scheme with concurrent pump
waves coincide formally with similar expressions
for the spatial spectra of the degenerate and non-
degenerate four-wave radiation converters on the
front edge in the scheme with opposing pump waves
[18, 19]. Expressions for the projection of the wave
mismatch A and for the difference of the projections
of the wave vectors of the interacting waves on the
Z-axis change.
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In fig. 5 temporal dynamics of the spatial spec-
trum of the object wave in the plane of the pump
waves is represented under the condition that
the amplitudes of the pump waves are unchanged
over time (,:1]’20 (1)=const). Seen that the forma-
tion of the dips in the spatial spectrum module
caused by the presence of electrostriction phe-
nomenon and Dufour effect is delayed compared
to the formation of the spatial spectrum module
caused by the nonzero projection of the wave
mismatch on the Z-axis. This is due to the depen-
dence of the recording time of the temperature
gratings on the spatial frequencies «, ,. In the
dip area two temperature gratings are recorded,
the recording time of one of which is determined
by the spatial frequency of the pump wave, and
the recording time of the second temperature
grating tends to “infinity”. The addition of the
spatial spectra of two object waves correspond-
ing to these gratings leads to a delay in the for-
mation of the dips.

‘ A4 ‘, arb.u.

K, [k
k.

0.05 0.

-0.1 -0.05 0

Fig. 5. Spatial spectra of the object wave at different time
points in the plane of the pump waves with considering two
temperature gratings at k¢ =5000, x, /k=-x, /k=0.03,
¢,vDy, /D, =2x107, tD,, /0> =107 (1), 10™ (2), 107
(3), 107 (4)

The visibility of the dip in the spatial spectrum mod-

ule of the object wave increases over time reaching a
steady-state value (fig. 6).
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0.3 +

0.2 T

0.1

0 2 4 6 8 Dy, /tH)x10°
Fig. 6. Time dependence of the visibility of the dip at
kt=5000, ¢, vD,, /Dy, =2x107, «, [k =-x, [k=0.01

(1), 0.03 (2), 0.05 (3)

To characterize time dynamics of the dip we intro-
duce the formation time of the dip (Af) as the time
during which the visibility reaches a value of 10%
then with increasing of the incidence angle of the
pump waves on the nonlinear medium the normalized
formation time of the dip increases and for the inci-
dence angles «,, /k=-x, /k=0.02, 0.03, 0.04 rad
is AD,, [(* =3.445x10™*, 6.49x10™*, 1.077x10" re-
spectively.

The rate of the time change of the visibility of the dip
in a range of values from 10 to 20% decreases with
increasing of the incidence angle of the pump waves.

4. Four-wave mixing

at large conversion coefficients
Let us consider stationary concurrent four-wave mix-
ing in the transparent two-component medium con-
sidering the fact that the intensity of the object wave is
comparable or even larger than the intensity of the sig-
nal wave (regime of the large conversion coefficients
is realized). In this case it’s necessary to consider the
temperature gratings that arise when the object wave
interferes with the pump waves.
In expressions for the intensity and the temperature
variation (5) — (6) theterms 4, 4; + A4, A, + A A, + A" A,

8T, +8T,, + 8T, +8T,, are added respectively.

The rapidly varying in space components of the tem-
perature 87,,,(7), as well as &7, (7), we expand
into harmonic gratings.

6T}, (’_;) ::[087:42,1 (T(T}A,z)x 25)

xexp (_iﬁr3,4f’) ARy,
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Here, 37,,, are the spatial spectra of the temperature
gratings caused by interference of the object wave and
the pump waves, «,,, (K”AX, K,My) are the wave vec-
tors of these gratings.

Equations describing changes in the spatial spectra of
the signal and object waves and the spatial spectra of
the temperature gratings under quasicollinear propa-
gation of the interacting waves take the form

dA; kodn (o on\
d—;+iaﬁ{(67§1 +6T42)A10 x
Xexp[_i(klz —k;. )Z] +(5f3* +9 ~41 )‘azo X (26)
xexp| —i(k,. k. )z ]} =0,
dA, T
- +i:—oj—’;{(6a +8T5) Ay x
xexp| —i (k. —k,. )z |+ (8T, +87;, ) 4, x (27)
xexp[—i(klz —k4z)z]} =0,
2 ~ ~
[%_ Kil,zJSTm (ETI,Z’Z) == DYD; 1,20 X
1122
xexp| i (k. ~ ks, )z]{Zi(khzZ —k3z)%+ (28)
+Ki1,2 +(k|,2z —ks, )2:|‘23,* (]—(352),
2 ~ ~
[%_Ki3,4j6n2,l (12”)4,2) =~ DYD5 AZ,]O X
1122
xexp[—i(kz’lz —k,, )z][Zi(kw —k4z)%+ (29)

+K2T3,4 +(k2,lz —k,. )2:|":14;* (‘_{432)-

Here, 4} (R,,z) = 4, (%;,2)exp| P(2) ], 4 =[Rps | =
=[&,, — &,

In fig. 7 the dependencies of the amplitude
conversion coefficient 7 =4, / 213*0| and the
dip  half-width Ak, =16, =K, |5 Ky, > K,
on the normalized intensity of the pump waves
(G =kyD,, (dn/dT)1, [n,D,,D,,) obtained by numeri-
cal analysis of the system of equations (26) — (29) are
adduced at the equal intensities of the pump waves (I,
= 1,). The increase in the intensity of the pump waves
leads to a linear increase in the amplitude conversion
coefficient while the dip half-width doesn’t change

within 4 %. The accuracy of finding the dip half-
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width has been determined by the error in calculating
the position of the largest value of the spatial spec-
trum module. A similar character of the dependence
of the amplitude conversion coefficient on the inten-
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sity of the pump waves is observed for the four-wave
radiation converter with concurrent pump waves on
thermal nonlinearity [10].

T (Ax ), /l)x10"
10 +
T 12
2 T 8
5 4
1 T 4
0 2 1 Gl

Fig. 7. Dependencies of the conversion coefficient (1) and the dip half-width (2) on the intensity of the first pump wave at
k0 =5000, «, /k=-x, k=107, I, =1,

Conclusion

Analytical expressions that relate the spatial spectra of
the object and signal waves are obtained for stationary
and nonstationary regimes of degenerate four-wave
mixing in the transparent two-component medium
with concurrent pump waves with the small conver-
sion coefficient. Established that the phase matching
condition determines the general form of the spatial
spectrum module of the object wave, and the presence
of the electrostriction phenomenon and Dufour ef-
fect determines the emergence of the dips in the spa-
tial spectrum module whose positions correspond to
the propagation directions of the pump waves. The
visibility of the dips increases over time reaching the
steady-state value. With increasing of the incidence
angle of the pump waves on the nonlinear medium the
formation time of the dip increases and its visibility
decreases.

The intensity grows of the pump waves at I, = I, leads
to the increase in the amplitude conversion coefficient
according to a linear law while the dip half-width is
constant.
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