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Degenerate stimulated parametric scattering in LiNbO;:Fe
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Nenlinear photoinduced light scattering at 414 nm in LiNbOy:Fe caused by degenerate stimulated parametric
scattering and its competition process with the photorefractive noise phase gratings have been observed. The
phase-matching scattered light was located in a plane normal to the polar axis of crystal,

Over the years several forms of photoinduced light scatter-
ing have been observed from a LiNbOg:Fe crystal illuminat-
ed by a coherent light beam.? Owing to the anisotropy of
the LiNbOj; erystal, the scattering pattern depends both on
the propagation direction of the light beam relative to the
erystallographic axes and on the beam polarization, Most
studies have heen performed for isotropic photoinduced
seattering of extraordinary waves.1%” When an ordinary
wave is incident, a small-angle-spread extraordinary-wave
light scattering, polarized perpendicular to the crystal optic
axis, is observed.356 It has been suggested® that the change
in photoinduced light scattering with orthogonal polariza-
tion that arises from the recording ef the photorefractive
noise phase grating (PNPG) as a result of the excitation of a
specific spatially oscillating photovoltaic current in the crys-
tal. For example, degenerate stimulated parametric scat-
tering (DSPS) in LiTa0s5:Cu was recently observed by Odou-
lov et al.8 Thé scattered light was located in a ring pattern
with the apex angle defined by the phase-matching condi-
tion of the forward four-wave mixing of ordinary and ex-
traordinary light through the crystal photovoltaic current.
Temple and Warde? sent an extraordinary polarized wave
through BaTiO; and LiNbOgFe crystals and observed a
well-defined scattered ring pattern of ordinary polarized
light. Here we report on the observation of strong four-
wave DSPS in a LiNbOg:Fe crystal at a well-defined angle
using ordinary polarized light at 414 nm and its relative
competition process with the PNPG.

The experimental arrangement is shown in Fig. 1. An
ordinary polarized krypton-ion laser beam at 414 nm illumi-
nated X- or Y-cut samples of LINbOy:Fe erystal (0.08 wt. %).
The spot size and the power of the incident laser beam were

-adjustable parameters in the experiment. Two types of

extraordinary-wave photoinduced scattering pattern were |

observed by using an ordinary incident wave under various
conditions. One type of scattered light was the small-angle
light scattering (PNPG) with an angular spread from 2° to
20°, This type of scattering was previously observed by
Nluminating the crystal with a helium-—cadmium laser beam
(A = 441.6 nm) or an argon-ion laser beam (A = 488.0 nm or A
= 514.5 nm).3%8 The second type of photoinduced scatter-
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ing, which is a new type, occurs at a higher power level and is
located at a larger scattering angle spread from 44° o 49°.
We did not observe large-angle light scattering when we used
an argon-ion laser beam operating at A = 488.0 or 514.5 nm
even with a larger power level of about 1W. When a 414-nm
laser is used, depending on the illumination beam intensity

“and the beam size in the crystal, both types of the photoin-

duced seattering compete for dominance,

It tock a long time to develop the large-angle light scatter-
ing pattern in comparison to the formation of small-angle
light scattering. At first, scattered light with the form of an
ordinary wave in the plane containing the propagation direc-
tion of the incident beam apd the pelar axis of the crystal
was observed. After a few seconds, the length of time de-
pending on the illumination beam power, the intensity of the
ordinary-wave scattering gradually decreased, and the large-
angle or the small-angle extracrdinary-wave scattering in-
tensity was increased, finally reaching a saturation level.
The induced grating for the extraordinary-wave scattering
can be stored in the crystal for several days.

In Fig. 2 the intensity dependence of both types of photo-
induced scattering pattern, PNPG and DSPS, is displayed.
These photographs of scattering patterns were taken by
iHuminating the. crystal with a krypton-ion laser beam at
different power levels. In Fig. 2(a) the incident laser power
was set at 100 mW, and only the small-angle scatiering
pattern (PNPG) occurred. As the laser power was increased
to 200 mW, large-angle scattering (DSPS) appeared. InFig.
2(b) the intensity distributions of both types of scattering
pattern are similar. When the laser power was increased to
300 mW, the large-angle scattering (DSPS) became stronger
and the small-angle scattering (PNPG) disappeared. After
the laser power was decreased, the competitive process re-
versed. It is clear that the larger power of the illumination
beam is more favorable to DSPS.

The competition process of PNPG and DSPS as a func-
tion of the illuminating beam size is displayed in Fig. 3. In
both parts of Fig. 3, the incident laser power was 300 mW.
The illumination beam sizes were 0.4 and 0.7 mm in Figs.
3(a) and 3(b), respectively. The illumination intensity of a
small spot size in Fig, 3(a) was three times stronger than that
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Fig. 1. Experimental arrangement. LB, 414-nm krypton laser; L,
lens; t, thickness of sample (= 1 mm); |, distance from lens to sample
[= 3.5 em for Figs. 2 and 3(a) and 3.4 cm for Fig. 3(b)]; G, distance
from sample to film secreen; SC, photographic film; K, DSPS
scattering wave vector, The incident laser is an ordinary polarized
wave with respect to the sample.

inFig. 3(b). Itisclear that a larger ilumination beam size is
more favorable to DSPS.

In addition, when the illuminating beam size in crystal
was very small, for example, g = 12 pm, where the calculated
fringe spacing of the phase grating is 50 um,” neither DSPS
nor PNPG was induced. In this extreme case, the power
density of the laser beam in the erystal was thousands of
times greater than that for ¢ = 0.7 mm, where the calculated
grating space is ~1 ym.” Therefore, the illumination beam
size must be greater than the induced grating period.

Small-angle light scattering is due to the recording of
PNPG’s by the excitation of specific spatially oscillating
photovoltaic current in a LiNbOz:Fe crystal.® The large-
angle light scattering in a LiNbOg:Fe crystal is similar to the
nonlinear light scattering in a LiTaOg:Cu crystal caused by
degenerate stimulated forward four-wave mixing of waves
with orthogonal polarizations.® The uniqueness of the nar-
row-scattering angular window of DSPS indicates the neces-
sity for the phase-matching condition.

In Fig. 4, a vector diagram for the formation of a new
D8PS process is presented. Figure 4(a) displays a model for
the formation of the initial weak-noise phase gratings
(PNPG’s) in a crystal” due to the interference of the incident
beam K, with weak scattered beams K\, K@, K@, ...
originating from imperfections in crystal, where Koo, K,
Kgi), K((,?;), .. represenf the ordinary wave vectors of the
incident beam and the scattered beams. Vectors KE) are
defined as the recorded noise phase-grating vectors K& —
K., where i =1, 2,..., N. The scatiered waves and the
incident wave are coupled off these gratings. They all ter-
minate at a sphere surface 8 with its radius equal to | Ky =
n{(2m/)), where n, is the ordinary refractive index of the
crystal. )

In Fig. 4(b), when one of these noise phase gratings in Fig.
4(a) has met the phase-matching condition, the orthogonal
polarization scattering occurs through four-wave mixing,
where K, is the wave vector of the extraordinary scattered
wave and K, = K, — K is the phase-matching grating
vector: An- alternative method for the four-wave mixing
process is. shown in Fig. 4(c), with the dashed lines corre-
sponding to the vectors in Fig. 4(b). This four-wave mixing
process of orthogonal polarization waves, 2K, and 2K, in

Vel. 4, No. 6/June 1987/J. Opt. Soc, Am. B 883

turn increases the amplitude of the phase-matching grating
because of the standard photorefractive origin (8x13, dxai,
Sx23, and xaz are nonzero).t This process will continue to
amplify the formation of the phase-matching grating. The
amplitude of the phase-matching grating increases more
when the waves used in this four-wave mixing process have
orthogonal polarization. Therefore the exiraordinary-wave
scattering at a well-defined scattering angle gradually in-
creases until it is saturated. Owing to the termination of K,
at the sphere surface S, as illustrated by the dahsed lines in
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Fig. 2. Photographs of the incident laser intensity dependence of

" the competitive process between the ordinary scattering PNPG and

DSPS. The horizontal axis represents the scattering angle 8,. The
heam spot size at sample is about .4 mm. The optic axis is marked
hy an arrow ai the left. (a) P, = 100 mW, (b) P, = 200mW, (¢) Pr,
=300 mW, Themiddle (up—down) scattering in each photograph is
ordinary PNPG. The 2°-20° side scattering in (a) and (b} is ex-

tracrdinary PNPG. In {¢) the new scattering (DSPS) at g~ 45°is .

observed. The experimental error was £1°.
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Fig. 3. Photographs of the induced scattering as a function of the
incident laser-beam spot size; (a)a =0.4mm,{b}a =0.7mm. The
incident laser power was maintained at 300 mW for both cases. In
{b) the spot size inereased and the intensity decreased; however,
DSPS increased.
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Fig. 4(b), the phase-matching condition of the vectors K_,
2K, and 2K, constitutes a right triangle. From this vector
relationship, the seattering angle is

8, = sin {{n/n,(n2 — n V4. (1)

This equation is derived in Appendix A.

Using n, = 2.4223 and n, = 2.3103 at A = 414 nm,* in Eq.
(1), the calculated scattering angle 6, = 44°, This theoreti-
cal calculation agrees well with the experimental result.

The wavelength dependence of the DSPS may originate
from the amplification process of the phase-matching grat-
ing. Because of the absorption?! of the iron impurities at
414-nm wavelength excitation, a large number of photoex-
cited carriers from the band-to-band tail transitions are
trapped to form a photorefractive phase-matching grating
with a larger amplitude. Aslong as the absorption is not too
large, the gain of the phase-matching grating amplification
prefers the shorter-wavelength light excitation. At 488- or
514-nm wavelength excitation, the absorption by this crystal
is significantly less. This may be the reason why DSPS was
not observed at longer wavelengths.

In conclusion, PNPG- and DSPS-induced scattering in a
LiNbQy:Fe crystal was observed and analyzed. The compe-
tition between the large-angle light scattering (DSPS) and
the small-angle light scattering (PNPG) indicates different
generation mechanisms for these two processes. The large-

_angle light scattering depends more on the wavelength, the
‘spot size, and the intensity of the illumination beam. This

illumination beam intensity-dependent competition process
has been applied to analyze light scattering. In addition,
large-angle extraordinary-wave light scattering (DSPS) re-
quires a phase grating with a larger vector. In order to
obtain such phase matching, a larger illumination beam spot
size in crystal is required.’ These effects could be used for
optical logic devices.

(a)

(b) (¢}

Fig. 4. Hypothetical vector diagrams of DSPS-induced light scattering. (a) Formation of noise phase grating Km (b) Phase-matching
condition of DSPS: K, and 2K, which form the short axes of a triangle on a semicircle using the diameter as the base must be perpendicular
to each other. (c¢) Alternative expression of four-wave mixing of (b) (n. < n,). K, incident laser wave vector (=2 mn./ME. Kg’ ith
component of the phase grating vector [=K% — K,,]. K., weak ordinary scattered wave vector of the ith component originating from crystal .
imperfections. K, phase-matching gratmg vector of DSPS. K., extracrdinary scattered wave vector.
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APPENDIX A: DERIVATION OF EQ. (1)

From the phase matching required for the right-triangle
configuration in Fig. 4(b}, we obtain

sin & = [KJ/2K,,, (A1)

where #’ is the DSPS scattered angle in crystal. Since
K| = @r/M)n,, (A2)
K, = @r/Nn,, (A3)

we have
K, = (2K, J)° — 12K, D2 = 4a/N (2 —~n A (A1)
Combining Eqgs. (A1), (A2), and (A4), we obtain
sin ¢ = (n,2 — n)"%n,. (A5)

Fhe DSPS scattered angle in air, g, can be obtained from
the DSPS scattered angle in the crystal, ¢, by using Eq. (A5)
and the following kinematic relation:

8g = sin"!(n, sin ¢") = sin(n,/n,)(n," — Y. (1)
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