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Abstract. The strength of the transient parametric scattering
in BaTiO3 is shown to be strongly dependent on the initial
conditions of the sample illumination. It is shown that the
effect can be explained by a considerable increase of the seed-
ing radiation intensity after pre-exposure of the sample to the
ordinarily polarized pump beam.

PACS: 42.65.-k; 42.65.Hw; 42.65.Yj

Two coherent light waves, one ordinary and the other extraor-
dinary, propagating in a plane normal to the optical axis of
a barium titanate crystal give rise to conical light-induced
scattering described in [1–4]. It has been shown that the
light emission along the conical surface is a consequence
of the parametric mixing of four waves: two pump waves
(with the wavevectorsko

p and ke
p ) and two scattered waves

(with the wavevectorsko
1 andko

2 ) meeting the following phase
matching condition:

ko
p +ke

p = ko
1 +ko

2 . (1)

Here the subscripts label the pump waves (p) and scattered
waves (1, 2), respectively, while the superscripts o, e de-
fine the light polarization (ordinary and extraordinary waves,
respectively).

Equation (1) imposes the angular distribution for scattered
light to be restricted by the conical surface with the apex
angle which depends on the pump angle and on the crystal
birefringence [1, 2]. Both, the experiment and the calcula-
tions show a rather unusual feature: the temporal dynamics
of the scattered light strongly depends on the direction of
the scattering. The scattering cone can be divided into four
parts by two planes, one defined by the wavevector of the
first pump waveko

p and crystalC-axis and the other defined
by the wavevector of the second pumpke

p and crystalC-axis.
Those parts of the scattering cone that are within the angu-
lar window limited by these two planes exhibit the bright
steady-state scattering. The light scattered out of the men-
tioned angular window is visible only during a relatively short

time after the beginning of the exposure and it vanishes in the
steady state.

Figure 1a shows the steady-state far-field distribution of
the scattered light on the screen placed behind the BaTiO3
sample. The vertical lines drawn through the dots marking the
position of the pump waves in Fig. 1b separate the parts of the
scattering ring with the steady-state scattering (between two
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Fig. 1a,b. The steady-state scattering pattern for BaTiO3 sample exposed
to two orthogonally polarized light beams (a) and grating vector diagram
for this process (b). The dots po and pe show the tips of thewavevectors
of the ordinary and extraordinary pumpwaves, respectively, while thedots
1 and 2 mark the position of an arbitrary pair of the conjugate scattered
waves on thescattering ring. Thedotted lines separate the directions with
the nonvanishing steady-state scattering (between the twolines) from the
directions with only transient scattering (all other directions). Thevertical
slit shows the angular window from where the scattered light is collected to
the detector in our experiment
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lines) from the parts with only transient scattering (outside
two lines).

The grating vector diagram for the considered process is
shown in Fig. 1b. The dots 1 and 2 show a pair of conjugated
components on the cone of scattered light whileK1 and K2
show the grating vectors of the gratings recorded by the ordi-
nary pump wavepo and the scattered waves 1 and 2. The ring
shows all possible directions of propagation of the scattered
light.

The theory developed in [2, 3] gave a complete description
for the steady state and transient behaviour. The experimental
results fit qualitatively well with the calculated ones. Reason-
able semiquantitative agreement was demonstrated in [3] with
only one fitting parameter (the effective electrooptic constant)
for the available BaTiO3 sample.

In the present paper we describe a new unexpected feature
for this type of parametric mixing: It has been found that the
dynamics of the transient scattering strongly depends on the
initial conditions, i.e., it is different for a virgin sample (where
all photorefractive gratings are totally erased by an incoherent
light beam) and for a sample pre-exposed to one of the two
pump waves. This difference is attributed to different starting
levels of the radiation seeding the non-linear scattering.

1 Experiment

A sample of BaTiO3 measuring 3.6×6.1×6.0 mm3 is placed
in such a way that its ferroelectric axis points up, being
normal to the optical table surface. The measured absorp-
tion constants for this sample areα0 = 1.99±0.05 cm−1 and
αe = 2.32±0.05 cm−1 atλ = 514 nm. The 514-nm radiation
of the single-mode single-frequency Ar+ laser is used to form
the two pump waves (Fig. 2). The phase retarder(λ/2) placed
in one of the two beams rotates the linear polarization roughly
to 90◦. The precise adjustment of polarization of the incident
waves (one extraordinary and other ordinary wave of the crys-
tal) is made with two polarizers P. With the polarizer placed
in front of the sample the phase retarder(λ/2) can be used to
control the input intensity of this pump. The intensity of the
ordinarily polarized pump wave is controlled using a phase
retarder and a polarizer.

The detector D1 measures the intensity of the pump wave
while D2 monitors the intensity of the scattered light. A PC-
based data acquisition system is used to collect and process
the data.

At first we compare the dynamics of the transient light-
induced scattering for different initial conditions adjusting
the detector D2 to measure the brightest part of the tran-
sient scattering. Special care is taken to minimize the stray
light collected by the detector. For this purpose, a polarizer
sheet placed in front of the detector (not shown in the figure)
selects the ordinarily polarized light. In addition, spatial fil-
tering is used to collect the light propagating mainly in the
phase-matched direction (see the position and dimensions of
the vertical slit in Fig. 1a,b).

The intensities of the ordinary and extraordinary pump
waves are 5.7 W/cm2 and 6.3 W/cm2, respectively, with the
full pump crossing angle in air≈ 60◦. The transient peak in-
tensity is about 10−5 of the total pump intensity in saturation.

Three different natural initial conditions are possible. The
virgin sample can be exposed to the two pump waves sim-

ultaneously (A), it can be pre-exposed to the extraordinarily
polarized pump wave before we switch on the ordinarily po-
larized pump (B) and vice versa, it can be pre-exposed to the
ordinarily polarized beam (C).

In Fig. 3 the temporal dependence of the light intensity is
shown, measured for these three cases with the detector D2.

Fig. 2. Schematic representation of the experimental set-up. BE is the beam
expander, BS is the beam splitter, M is a mirror, P are the polarizers,λ/2
are the phase retarders, PRC is the photorefractive crystal, and D1, D2 are
the detectors

Fig. 3a–c. Time evolution of the scattered light intensity measured in the
angular window shown by the vertical slit in Fig. 1. Both pumpwaves are
switched on simultaneously (a). The sample is pre-exposed to the extraor-
dinary pump beam during 60 s before the ordinary pumpwave isswitched
on (b). The sample is pre-exposed to the ordinary pump beam during 60 s
before the extraordinary pumpwave isswitched on (c)
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Fig. 4. Log plot of the pump ratio dependence of the transient peak inten-
sity. Thesolid line shows the best fit to (3)

A striking difference in the amplitude of transient scattering
is obvious: the strongest effect is observed for the case of pre-
exposure to the ordinarily polarized wave (C) whereas nearly
nothing is detected with the sample pre-exposed to the ex-
traordinarily polarized light. Note that the saturation value of
intensity in all three graphs of Fig. 3 is a background linear
scattering which should be taken as a zero value.

It is important to mention that the described enhancement
of the transient scattering is observed when the crystal is pre-
exposed to the wave identical to that which is used later with

Fig. 5a–c. Wavevector diagrams fora parametric scattering with two pump
waves,b pre-exposure to the extraordinary pump andc pre-exposure to the
ordinary pump.K1 andK2 are the grating vectors of two gratings which are
simultaneously Bragg-matched to the ordinary and to extraordinary pump
waves. Thedashed arrows in B, C are the wavevectors of arbitrary scat-
tered components. Note that the ordinary pumpwave canrecord a grating
with grating vectorK1 (and K2) together with one of the scattered light
components whereas this is impossible for extraordinary pumpwave

the second pump to excite the non-linear scattering. If the
pre-exposure is done with the ordinarily polarized wave inci-
dent upon the sample at an arbitrary angle no enhancement is
observed for the particular direction of interest but transient
scattering can appear at other angles.

The amplitude of the transient peak is measured further
on for the case (C) as a function of the pump intensity ratio,
Io
p/Ie

p, keeping the intensity of the extraordinarily polarized
waveIe

p constant (Fig. 4). The pre-exposure time is chosen to
be 60 s, i.e., it is larger than the dielectric relaxation time even
for the smallest intensity of the ordinary pump beam.

2 Discussion

Figure 5 shows the phase-matching diagram for the consid-
ered scattering process (a) and the wavevector diagrams for
the isotropic scattering (no change of polarization of the scat-
tered wave as compared to the incident) of the extraordinary
(b) and ordinary (c) waves.

Suppose the seeding wave with the wavevectorko
1 and

two pump waves with the wavevectorsko
p and ke

p impinge
upon the sample. The development of the non-linear scatter-
ing starts from the recording of the grating with grating vector
K2 = ko

1 −ko
p via usual diffusion-mediated charge transport.

Diffraction of the ordinary pump wave from this grating is
not possible because of the vanishing electrooptic coefficient
r111. Quite opposite, the extraordinary wave is efficiently
diffracted from the same grating, giving rise to the symmet-
rically scattered component with the wavevectorko

2. Here the
largest BaTiO3 electrooptic coefficientr131 is involved in the
diffraction, and the polarization of the diffracted wave is orth-
ogonal to that of the extraordinary pump wave (anisotropic
diffraction).

In such a manner the photons are injected to the scattered
wave 2 and now this wave can record a grating (grating vector
K1) together with the ordinary pump wave, one more time via
usual diffusion-mediated charge transport.

The appearance of the grating with grating vectorK1
gives rise, in turn, to anisotropic diffraction of the extraordi-
nary pump into the initial seeding wave 1 thus increasing its
intensity. The non-linear growth of intensities of both scat-
tered waves occurs because of the described feedback. An
infinite number of arbitrary pairs of scattered waves like 1 and
2 form the scattering ring as shown in Fig. 1b.

The theory for parametric scattering [3, 4] predicts that
any signal wave with the intensityIo

1(0) meeting the phase-
matching condition (1) and propagating in a plane normal to
the crystalc-axis will be amplified as:

Io
1(x, τ) = Io

1(0, 0)

2
√|Γ |xτ∫
0

exp(−∆n2/4x|Γ |n2) [d ber(ζ)/dζ]dζ ,

(2)

with the imaginary coupling constantΓ :

Γ = (
2i π2n4r131kBT/λ2e

)
×

(√
∆n/n

)[√(
Io
p Ie

p

)] [
(αe/αo) Ie

p + Io
p

]−1
, (3)
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wherex is the propagation coordinate,τ the dimensionless
time (normalized to dielectric relaxation time),n the refrac-
tive index,∆n the crystal birefringence,r131 the electrooptic
constant,kB the Boltzmann constant,T the absolute tempera-
ture,e the electron charge,θ the pump half-angle inside the
sample and ber(ζ) is the zeroth-order Kelvin function (see,
for example, [5]). Equation (2) predicts a sharp increase of
the scattering intensity in time scaleτ ≈ (1...10) and a decay
to zero forτ � 1(with oscillations for largeΓ values). Equa-
tion (2) is simplified as compared to that in [2, 3] in the sense
that only one of the two possible seeds is considered (one for
the signal wave 1 and the other for idler wave 2).

One can see that the intensity of the scattered light is pro-
portional to the intensity of the initial seedIo

1(0, 0) multiplied
to a function describing the temporal behaviour. This last one
is also depending on the gain factorΓ given by (3).

Usually,Io
1(0, 0) is taken to be a small fraction of the input

intensity of the ordinarily polarized pump wave:

Io
1(0, 0) = ζIo

p(0) . (4)

Theζ value accounts for the scattering of the ordinary pump
wave from surface and bulk imperfections of the sample and
therefore may change from one sample to the other; however
it is constant for any particular sample and is independent of
the pump beam intensity.

We consider now the meaning of the seeding termIo
1(0, 0)

for the three different initial conditions mentioned above (see
also Fig. 3a–c). In case A, when the two pump waves are
switched on simultaneously, the seeding radiation is given by
(6). The same equation describes, in our opinion, the seed in
case B (pre-exposure to the extraordinary pump), what will be
discussed later. For the case C (pre-exposure to the ordinary
pump wave) the seeding radiation becomes much larger be-
cause a set of noisy photorefractive gratings, Bragg-matched
to both pump waves, is pre-recorded before the sample is illu-
minated by the two pump waves.

When the crystal is pre-exposed to the ordinary pump
wave the space-charge grating with the grating vectorK2
is recorded as well as many other noisy gratings recorded
by this pump with scattered components (some of them are
shown as dashed arrows in Fig. 5c). The amplitude of the
space-charge fieldESC for the particular grating with grating
vectorK2 will be:

ESC = m ED
[
1−exp(−∆τ)

]
, (5)

whereED = K2(kBT/e) is the diffusion field,K2 the spatial
frequency of the grating 2,∆τ is the pre-exposure time nor-
malized to the dielectric relaxation time andm is the contrast
of the initial fringe pattern:

m = 2

[√(
Io
p Io

1

)]
/
(

Io
p + Io

1

)
≈ 2

√(
Io
1/Io

p

)
for Io

p � Io
1 .

(6)

The simple exponential growth ofESC to its saturated value
(5) is justified here because the two ordinary waves that are
writing each noisy grating are not self-diffracted from this
grating (r111 = 0) and therefore do not change their ampli-
tudes and phases in time.

This space-charge grating results in a grating of high-
frequency dielectric constant∆ε13 which can be efficiently
read-out by the extraordinary pump wave. The diffraction ef-
ficiencyη of this grating is:

η ≈ (π∆ε13l/2nλ)2

≈ (
πn3r131lm ED/2λ

)2 [
1−exp(−∆τ)

]2
. (7)

When this grating is read-out by the extraordinary wave with
the intensityIe

p the diffracted wave (ordinary one) has the
intensity:

Io
d = ηIe

p ≈ Io
1

(
Ie
p/Io

p

) (
πn3r131lED/λ

)2 [
1−exp(−∆τ)

]2
.

(8)

Equation (8) gives the seeding beam intensity that should
substitute the factor before the integral in (2) for the sample
pre-exposed to the ordinary wave. It differs from the seed de-
fined by (4) by three factors in parenthesis. The first one is
a pump ratio which is usually close to one to optimize the
intensity of the non-linear scattering in samples with small
dichroism. It is mainly the second factor that is responsible
for the difference between the seeds in (4) and (8), for the
saturated efficiency of the noisy gratings. Taking the hand-
book values forr131 = 1600×10−10 cm/V, n3 ≈ 15 [6], and
ED ≈ 103 V/cm we can evaluate

(
πn3r131lED/λ

)2 ≈ 103.
This rough estimate shows that the intensity of the seed ra-

diation becomes several orders of magnitude larger when the
crystal is pre-exposed to the ordinary pump wave used later to
excite the scattering. The difference in the seed intensity re-
sults in the difference of the transient scattering for the cases
A and C in Fig. 3.

The development of the noisy gratings is not instanta-
neous in time, so the seeding beam intensity can be controlled
by changing the pre-exposure time (8). To check this depen-
dence the transient peak intensity is measured as a function
of the pre-exposure time (Fig. 6). The same experimental con-
ditions are kept as described earlier for Fig. 3. The solid line
in Fig. 6 shows the best fit of the measured data to (2) and
(8). A satisfactory agreement with the described model can
be stated. The reasonable value for the dielectric relaxation
time t ≈ 3 s is extracted from this fit. This justifies the choice
of pre-exposure time∆τ = 60 s for measurements presented
in Fig. 4.

Fig. 6. The measured dependence of transient peak intensity versus pre-
exposure time (dots) and the best fit to the calculated dependence (solid
line)
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Let us now return to the third possible initial condi-
tion when the sample is pre-illuminated to the extraordi-
nary wave. The extraordinary pump will record a large
variety of noisy gratings in the same manner as the ordi-
nary wave does. The difference is that it is not possible to
find among these noisy space-charge gratings those which
are Bragg-matched to the two pump waves simultaneously
(no gratings with grating vectorsK1 and K2). This can be
easily seen from Fig. 6b where apart from the wavevec-
tor of the extraordinary pump wave the wavevectors for
several arbitrarily chosen scattered extraordinary waves are
shown by dashed arrows. Not one of these scattered waves
(and no other scattered extraordinary wave) can record grat-
ings with grating vectorsK1 and K2. This explains why
the pre-exposure to the extraordinary wave can not im-
prove the conditions for observation of the transient scat-
tering (compare the peak values in Fig. 3a and 3b which
are practically indistinguishable). Moreover, because of par-
tial depletion of the extraordinary wave (a considerable part
of its intensity is feeding the famous beam fanning [7] in
BaTiO3) the transient scattering can be even inhibited as
compared to the case A with both pump waves switched on
simultaneously.

The ultimate intensity of the transient peak depends also
on the value of the integral in (6), which in turn depends on
the absolute value of the coupling coefficientΓ (imaginary
for the transient scattering). The theory [2–4] says thatΓ is
a function of the pump intensity ratior = Io

p/Ie
p. We fit (3) to

the measured pump ratio dependence of the transient peak in-
tensity and find(αo/αe) = 0.85±0.05 as a fitting parameter.
This value agrees fairly well with the directly measured value
of (αo/αe) ≈ 0.9±0.1 for our BaTiO3 sample .

3 Conclusions

From the time of publication of the first article of Magnussen
and Gaylord on conical scattering in photorefractive crys-
tals [8] it has been well known that the exposure of a photore-
fractive crystal to a coherent light wave results in recording of
an infinite number of space-charge noisy gratings which can

be partially visualized by the diffraction of the probe beam
incident at different angles to the sample. It is shown in this
paper that, being relatively weak (with small absolute values
of the diffraction efficiency), these gratings can enhance by
several orders of magnitude the intensity of radiation seeding
the light-induced scattering, which results in a considerable
enhancement of the non-linear scattering, too.

The enhancement of the amplified signal that is due to the
larger seed radiation is not unusual by itself, it was already
discussed for other parametric processes as, for example, sub-
harmonic generation [9, 10]. A qualitatively new feature of
the observed phenomenon is the strong sensitivity to the po-
larization of the pre-exposure beam. There are two pump
waves in this type of scattering that are equally important
from the point of view of ultimate gain for the seeding waves.
To ensure the largest possible gain in the sample which is not
dichroic the one-to-one pump intensity ratio should be chosen
(see (3)). This symmetry is broken if we consider the contri-
bution of differently polarized pump waves in the formation
of the seeding radiation.
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