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Dependence of specklon size on the laser beam size via
photo-induced light scattering in LiNbO;:Fe

Guangyin Zhang, Qing-Xin Li, Ping-Pei Ho, Simin Liu, Zhong Kang Wu and Robert R. Alfano

The dependence of the scattering intensity patterns on the illumination laser beam spot size in LiNbOg:Fe is
described. These observations provide direct evidence of the origin of photo-induced light scattering
resulting from amplification of scattered radiation caused by imperfections in the crystal.

A coherent laser beam passing through photorefrac-
tive crystals [LiNbOQ;3,® LiTa03,7 SrBaNbO3,® or Ba-
TiO; (Ref. 9)] undergoes considerable photo-induced
light scattering, It has been postulated that this scat-
tering®® arises from amplification of the weak beam
scattered by imperfections in the crystal via the forma-
tion of dynamic phase gratings produced by interfer-
ence of the incident beam with the scattered beams.
There has been only indirect evidence to support this
proposed mechanism. In this paper we report the
observation and give an explanation of the speckle size
of the scattering pattern from the illumination beam
spot size from photo-induced light scattering in LiN-
bOs:Fe. Our measurements and theoretical analysis
provide direct support for the above-mentioned origin
of photo-induced light scattering.

In the experiment, X- or Y-cut thin samples (thick-
ness ¢t ~ 1 mm) of LiNbQs:Fe (0.08 wt. %) were posi-
tioned perpendicular to the path of a focused 5-mW
He—Ne laser (6328-A) beam. The focal length of the
lens was 3 cm. For an extraordinary polarized inci-
dent wave, the light was symmetrically scattered with
the same polarization over a wide angle, mainly in the
plane which included the crystal optic axis and the
polarization of the incident beam (Fig. 1). This has
been observed by others.? Furthermore, we found the
features of the light scattering pattern depended on
the size of the illumination beam in the crystal.
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Photographs of the spatial distribution of scattered
light are shown in Fig. 2. The crystal was located at
different positions relative to the focal plane. The
salient feature shown in these photographs is the dra-
matic increase in scattering pattern when the crystal is
not, at the focal spot. In this case, steady-state satu-

‘rated light scattering was induced over a wide angle

with an energy transfer efficiency from incident beam
to scattered light of over 80%. When the crystal was
moved away from the focal point of the illumination

‘heam, the speckle size was smaller. The energy densi-

ty of the illumination beam in the crystal was low due
to the enlargement of the ilumination beam size in the
crystal. A comparatively long time {~1 h) was needed
to reach the steady-state saturaied light scattering
pattern. After moving the crystal toward the focal
point of the illumination beam, the saturated scattered
light intensity became weaker and the scattering cone
angle was reduced. When the crystal was located at
the exact focal spot of the illumination beam where the
illumination beam size in the crystal was very small (a
= 12 pm), light scattering did not oecur, In this case,
the incident beam was defocused during the initial
illuminating time for several seconds; it was gradually
recovered after a long illumination time.

Using an unfocused beam to illuminate the crystal,
the scattering pattern was similar in pattern to that
obtained by a focused beam with the same illumination
beam size in the crystal. Furthermore, the scattering
patterns observed for a focused beam were similar
when the crystal was located at equal distance before
and after the focal point of the focused beam. These
facts indicate that the above-mentioned light scatter-
ing pattern mainly depends on the illumination beam
size in the crystal and not on the energy density or the
curvature of the wave front,

The observation of photo-induced light scattering
patterns can be explained as follows. A dynamic
phase grating is formed and stored in a erystal by the
interference of the incident beam with the beams scat-
tered from the imperfections in a crystal. Due to the
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Fig. 1. Experimental setup for the observation of photo-induced

light scattering: L, 3-cm focal length lens; 8, sample; SC, sereen.

The distance between lens and screen is 20 cm; the sample is located
on a translation stage.

large refractive index of the crystal, the scattered in-
tengity originating from the surface point imperfec-
tions should be large. In our model, we propose the
formation of the phase grating by interference of the
plane incident beam with the spherical scattered wave-
lets originating from a surface point imperfection on
the incident surface of the crystal at the center of the
incident beam. This model is displayed in Fig. 3,
where K; is the wave vector of the plane incident beam
and KV, K@ K®, K®, ... are wave vectors of the
spherical scattered wavelets. The recorded phase
grating arises from that of different vector compo-
hents:

K® = K" -K,
K% =K% - K,
K®=K® - K,
K# = K9 -K,....

All the vectors terminate on the sphere surface S,
which has a radius of 2xn/A, where X is the wavelength
of the beam ahd n is the refractive index of the crystal.
Phase gratings with vector components Kél) and Ké,z)
about K; are preferentially induced. This occurs be-
cause the scattered beams characterized by these wave
vectors [K{" and K] propagate and interact through
the longesti path in the illumination region of the crys-
tal. Therefore, these wavelets are amplified the
most.1¢

From the geometry of phase gratings, we can obtain
the values of the vector components Ké,l) and K;,z) (see
the Appendix):

KM = K2 = 4n(n/2) sinf[tan™(a/20)}/2), (1

where a is the illumination beam size in the crystal and
t is the thickness of the crystal.
In the illumination region, only a few imperfection

points are included. The cross-overlapping of fringes .

of several phase gratings ocecurs. Therefore, the illu-
mination region within the crystal consists of numer-
ous phase specklons.!b12 The average size of the
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specklons can be approximately determined by using
the fringe spacing of the phase grating from Eq. (1)

2r/K = d = [M{(2r)}(sin{[tan"Y(a/26)] /2D, 2

A plot of d as a function of illumination beam size a
for t = 1 mm and A = 0.6328 um is shown in Fig. 4. It
can be seen from Fig, 4(a) that when the illumination
beam size in the crystal is <24 um, the average size of
specklons is larger than the illumination beam size in
the crystal. This means that the phase grating does
not occur in a small illuminated region and that the
incident beam cannot induce light scattering. This is
the situation when the crystal is located at the focal
spot of the light beam.

Experimental values of the average size of phase
specklons d, measured from a different beam size a,
obtained from the photographs shown in Fig. 2, are
plotted in Fig. 4(b). These measured specklon sizes
were approximated by the following method: Firat,
the total number of specklons M was counted along the
center line of the z axis on the display screen (photo-
graphic film). Then assuming that the total number
of specklons is the same at the screen and inside the
crystal, we estimate specklon size d inside the crystal to
be d = a/M, where a is the laser beam size at the crystal.

This approximation offers ease of measurement and
does not depend on the location of the display screen.
The calculated curve from our theoretical model
agrees well with our observation. When the erystal
was gradually removed from the focal point of the
illumination beam, the laser beam size in the crystal
became larger and the average size of the phase speck-
lons was reduced. The phase specklon size can be less
than the illumination beam size. When the speckle of
the scattered light became finer and closer, phase grat-
ings with a larger vector were induced and the wide-
angle scattered light was amplified.

Equation {2) can also be derived from the grating
equation without using the specklon model. In the
conventional approach, the vanishing of induced scat-
tering can be explained when the illumination spot size
is less than the induced grating period. The impor-
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Fig.2. Photographs of the spatial distribution of scattered light taken for a crystal located at different positions from the focal point of theil-

lumination laser beam: {a) —1.40 cm; (b} —0.90 em; {¢) —0.40 om; (d) —0.10 em; {e) 0.xx em; (f) 0.12 om; {2) 0.30 em; (h) 0.80 em; (i) 1.40 cm;

where the corresponding beam sizes are 0.93, 0.60, 0.27,0.012, 0.08, 0.20, 0.58, and 0.93 mm, respectively, The absolute value of the speckion
siz¢ depends on the film exposure distance and the magnification factor in the reproduction process,
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Fig. 3. Schematic representation of the wave vectors of the plane
incident beam K;, the scattered wavelets K™, and the induced
phase grating Kg,m originating from a point imperfection on the
incident surface of the crystal, where ¢ is the thickness of the crystal.
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Fig. 4. Average size of specklon d as a function of illumination beam size ¢ in the crystal. The wavelength of the illumination beam is A =
0.6328 um. The thickness of erystal ¢ is 1 mm. {a) Theoretical caleulation of Egs. (2) when a = 0-100 ym. (b) A comparison of caltculated
curve of d with measured values when a = 50450 ym. 'The solid line is a calculated curve from Eq. (2) to fit the experimental data.
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Tig. 5. Geometrical relationship for the derivation of Eq. (1), where
r/2% = n/A and « is the incident laser beam spot size.
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tance of using the specklon mode} to derive the equa-
tion is the simplicity of the interpretation of the in-
duced scattering measurement and in the association

. of the specklon size with the period of the dominant

grating. The specklon size can be measured by a ruler
on a projected screen, but measurement of the induced
grating period inside a crystal is difficult.

In conclusion, the spatial extension of the lager beam
size is important for generation of photo-induced light
scattering and for detecting the specklon size. Photo-
induced light scattering originates from amplification
of the radiation scattered by the imperfections in the
crystal.
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Appendix: Derivation of Eq. (1)
Using Fig. 5 and trigonometry, we obtain

tand = “ﬁ 2, (AD)
K, = 2r sinf/2 = 2r gin[Y, tan~Y(a/26)]. (A2)

The radius of the sphere in Fig. 5 is
r = 2rn/\ (A3)

Inserting Eqs. (A1) and {A3) into Eq. (A2), we obtain
Eq. (1).
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In general, the largest amplification of the induced scattering

corresponds to the largest value of TL, where T is the gain

coefficient and L is the interaction length. In our experimental
arrangement, only L dependence was taken into consideration.
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