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Self-amplification of weak scattered coherent light waves in photorefractive crystals leads to losses, known as
light-induced scattering or holographic scattering. We find with 532 nm light that it is reduced in LiNbOj:Fe
for femtosecond laser pulses as compared to cw laser light. Light-induced scattering of pulses is completely
absent in samples with sufficiently small Fe?* content, in contrast to the scattering of cw light. Additional dif-
ferences include a slower buildup time, a weaker Bragg selectivity, and a narrower angular distribution of the
scattered light for pulsed illumination. The differences can be attributed mainly to the smaller temporal co-

herence of pulses. © 2009 Optical Society of America

OCIS codes: 160.5320, 160.3730, 120.5820.

1. INTRODUCTION

Laser light traversing a photorefractive medium is usu-
ally subject to light-induced scattering (LIS), also referred
to as holographic scattering or photo-induced light scat-
tering (PILS) [1,2]. This arises from parasitic gratings
created from the interference of the laser beam with its
own scattered light, which is intensified through photore-
fractive two-wave mixing at the expense of the original
beam. The resulting destruction of the beam shape hin-
ders photonic applications like holographic spectral filter-
ing [3-6], optical image processing [7,8], and holographic
diffractive beam shaping [9]. However, light-induced scat-
tering can also be useful for material characterization
[10,11].

Another beam degradation effect, the so-called “optical
damage” [12], is a self-refracting effect originating from
light-induced refractive-index changes. In contrast, light-
induced scattering is based on self-diffraction [13], which
requires interference and thus occurs for coherent light
only.

For all applications utilizing femtosecond (fs) pulses
and nonlinear crystals like lithium niobate (LiNbOg), it
will be relevant to explore how strong holographic scatter-
ing is. Although a first study of such effects exist [14], we
concentrate here on a thorough comparison of holographic
scattering induced by cw and fs visible light, revealing a
strong influence of the kind of illumination on the scatter-
ing.

2. EXPERIMENTAL SETUP

Fs pulses of 532 nm wavelength are generated by optical
parametrical amplification and sum frequency generation
using a CPA2010 laser (from Clark MXR Inc.) feeding a
TOPAS system (from Light Conversion Inc.). The result-
ing pulses have about 150 fs FWHM duration and a rep-
etition rate of 1 kHz. Alternatively, cw light of 532 nm
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originating from a frequency-doubled Nd:YAG laser is em-
ployed. For the sake of simplicity, we will speak of power
and intensity also for the pulsed beam, where this corre-
sponds to the pulse energy times the laser repetition rate
and the average intensity over many pulses, respectively.

The laser light is sent through a zero-order wave plate
and a Glan laser polarizer. While the latter defines the
light polarization, the former can be used to vary the
beam power. The crystal is illuminated perpendicular to
the front surface and its ¢ axis. About 5 cm behind the
crystal, there is a 2.2 mm wide rectangular diaphragm. It
allows the unchanged main beam to pass completely
through its center but blocks light scattered out of its
original direction. The light coming through the dia-
phragm is collimated with a lens onto a silicon photodiode
measuring the power P(¢) of the transmitted beam as a
function of time ¢. The relative transmission is defined as
T(t)=P(¢)/Ppayx, where P, is the maximum power mea-
sured.

The samples are congruent lithium niobate crystals
doped with iron (LiNbOj:Fe). We examined three series
of crystals cut from three boules with different iron dop-
ant concentrations: DT1 (7x102*m™3), EQ2 (20
%X 10%* m™3), and DT2 (56 X 10%* m~3). As-grown crystals
have been used as well as oxidized and reduced samples.
To oxidize and reduce the crystals, thermal annealing was
employed in oxygen and in moderate vacuum, respec-
tively [15]. The concentration cge2+ of iron in the valence
state 2+ is measured by absorption spectroscopy using
the relation cpe2+=2.16 X 102 m~tayz7, [16], where ay77,
is the absorption constant at 477 nm for ordinary light po-
larization.

The crystals have the dimensions 0.5X(0.8—-1.0)
X 1 mm? along x, y, and z axes, respectively, where z is
parallel to the ¢ axis of the crystal. The light propagates
along x and is polarized parallel to z (extraordinary polar-
ization). The beam diameter is at least 1.5 mm FWHM,
ensuring homogeneous illumination of the crystal along
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the z axis. Unless noted otherwise, the ¢ faces of the crys-
tals are short-circuited with conductive silver paint to
prevent a macroscopic charge buildup due to the bulk
photovoltaic effect at these faces. The samples are
mounted on a rotation stage and can be turned around
the y axis for measurements of the angular selectivity of
the light-induced scattering and for off-Bragg erasure.

3. RESULTS

A. Temporal Evolution and General Observations

A selection of measurements from two typical series is
shown in Fig. 1. Immediately after beginning with the il-
lumination, the transmission 7T starts to decrease until it
saturates at a value T,. Saturation is reached faster at
higher intensities. The remaining transmission T, var-
ies from crystal to crystal but for the same crystal almost
the same T is reached regardless of the intensity. There
is a slight trend towards less scattering for weaker inten-
sities, but only for the weakest intensity in each series,
T, deviates significantly from the other values while still
being of the same order of magnitude. It can be seen that
the scattering builds up faster and is more strongly pro-
nounced for cw light than for the fs pulses.

The scattering properties of the crystal persist in the
dark, at least on the timescale of minutes. When the laser
beam is blocked for a short time, it experiences the same
losses immediately before and after the interruption.
However, the effect can be completely annihilated by illu-
minating the sample with white light or alternatively
with the writing light under permanently varying angles.
This clearly indicates that the observed scattering is of
photorefractive origin.

To rule out macroscopic refractive index changes, like
the formation of a defocussing gradient-index lens, we
checked crystals in an interferometer after cw and pulsed
illumination. With these measurements, no deviations in
the illuminated regions could be observed. Therefore, on a
scale of about 0.1 mm, long-range index changes larger
than 3 X 10~* can be excluded, and microscopic index pat-

0 500 1000 1500
100 " -
= i (a) cw e-pol
S
= 75 I= 2kwm?
c
Ke]
[}
]
1
(72}
c
o
'_
0 L L
100 -
S
— 75
Ke]
2 50
£
(72}
§ 25
'_
0 L L
0 500 1000 1500
Time [s]

Fig. 1. Writing curves. Transmission through an as-grown DT2
crystal with different intensities for extraordinarily polarized (a)
cw light and (b) pulses, respectively. The average intensities for
the cw and pulse measurements are in the same range.
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Fig. 2. (Color online) Sensitivity S in an as-grown DT2 crystal
as a function of the average intensity for extraordinarily polar-
ized cw and pulsed light.

terns must play a role. Furthermore, the pulse-
illuminated crystal becomes iridescent. When looking
through it against white light under small angles, light of
different colors is diffracted into the eye, depending on
the orientation of the crystal regarding the incoming
white light. This also indicates the existence of gratings
in the sample.

All results described lead to the conclusion that the ef-
fect observed is indeed light-induced scattering at para-
sitic, photorefractive gratings. To describe its initial
buildup speed, the sensitivity S is used:

t—0

Here, the loss efficiency 7(¢t)=1-T(t) describes how effi-
ciently light is deflected out of the laser beam. In practice,
S is determined by a linear fit to the data from the begin-
ning to the time when the effect has reached 60% of its
maximum value. For the measurements in an as-grown
DT2 sample, this sensitivity is shown in Fig. 2. We find
that S depends approximately linearly on the intensity. It
is larger for cw light than for pulses, i.e., saturation is
reached faster for cw light than for pulses of the same av-
erage intensity.

B. Dependence on the Fe?* Content

The strength of light-induced scattering is shown in Fig. 3
for cw and pulsed illumination for all samples available.
Up to an Fe?* concentration of about 1 X 1024 m~3, none of
the crystals shows light-induced scattering upon pulse ex-
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Fig. 3. (Color online) Dependence of the saturated transmission
T, on the Fe?* concentration. Open symbols represent pulse
measurements, while closed symbols indicate cw light measure-
ments. The different shapes of the symbols correspond to the to-
tal Fe concentration of the respective sample (A, 56X 10%* m™3;
0, 20 X 10%* m=3; V, 7 X 10%* m~3). Arrows connect measurements
using the same sample before and after a thermal treatment.
The measurements in the shaded area reveal no light-induced
scattering.
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posure. Above this concentration, scattering occurs in
some samples. The shaded area in Fig. 3 marks all mea-
surements where scattering is absent. For cw illumina-
tion, however, all crystals show light-induced scattering,
which is always much stronger than for fs pulses.

To check whether indeed the Fe?* concentration is the
relevant parameter, we subject two crystals to consecutive
thermal treatments and look for the light-induced scatter-
ing before and after the treatments. These measurement
points are connected with arrows in Fig. 3. The DT1 crys-
tal (V) doesn’t show the effect with pulses initially and af-
ter the first and second reduction treatment. However, af-
ter further annealing, the light-induced scattering
becomes clearly visible. The DT2 crystal (A) contains
more Fe?* in the as-grown state than the sample DT1 be-
cause of the higher Fe content. Here, light-induced scat-
tering exists in the as-grown state and after one oxidiza-
tion treatment, but it vanishes after the second, stronger
oxidization. Thus we find that for each crystal series DT1,
EQ2, and DT2, there is a certain Fe?* concentration below
which the effect is not observed; crystals above this con-
centration are always affected. This limit shifts to higher
Fe?* values for lower Fe content.

C. Bragg Selectivity

To test the angular selectivity of the light-induced scatter-
ing, we rotate the crystals around the y axis, after the
saturation is reached and look for changes in the trans-
mission. For this measurement, the laser beam is attenu-
ated to reduce the amount of erasure. The results are
shown in Fig. 4. Both c¢w and pulse scattering shows a
pronounced angular selectivity. It is considerably sharper
when using cw light than when using femtosecond pulses.
Within the measurement accuracy, the minimum trans-
mission occurs in the cw case at the same angle as the
foregoing illumination, i.e., at 0°. For pulses, the mini-
mum is shifted. It is reached when rotating the crystal
about 0.5° away from the original exposure direction.

D. Scattering Directions

In order to see the deflected light, we remove the silver
paint from the side faces of the crystals; these measure-
ments show the same strength of the light-induced scat-
tering. The deviated light manifests itself quite differ-
ently for pulses and cw light. If a loss is observed for
pulses, scattering lobes will build up alongside the main
beam in the plane of the ¢ axis and the beam propagation;
see, e.g., Fig. 5. For cw illumination, the scattering ob-
served behind the crystal is much fainter and broader. In
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Fig. 4. (Color online) Angular selectivities of light-induced scat-
tering for cw light and for pulses with comparable average inten-
sities for an as-grown sample DT2. The curves are calculated
based on a simple model explained in Section 4.
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Fig. 5. (Color online) Photo of scattered fs pulsed light on a
screen 27 cm behind the crystal.

this case, most of the light missing from the transmitted
beam leaves the crystal through the unpolished ¢ face,
i.e., the side of the crystal. Necessarily, most of the cw
light must be scattered at least under the angle of total
internal reflection inside the crystal. However, by focus-
sing the cw beam to a FWHM width of 200 um, i.e.,
smaller than the crystal width, and attenuating it to simi-
lar intensities as above, one yields a scattering pattern
similar to those observed with fs pulses.

4. DISCUSSION

A. Origin of the Scattering

For cw light as well as for pulses, the general reason for
the observed losses is light-induced scattering at parasitic
gratings. The optical erasability of the effect, the lack of
macroscopic index changes, and the appearance of the
pulse-illuminated crystal in white light as well as the
strong angular dependence of the light deflection point to
diffraction from photorefractive gratings as the reason for
the loss of light.

In a photorefractive crystal, a multitude of light-
induced scattering processes is possible [17]. As shown in
[18] for a small signal beam and light-induced scattering,
the different processes compete against each other for
amplification by the pump beam. In our experiments, the
fs light is scattered in the forward direction and looks
similar to scattering lobes previously observed in LiNbOg
[19]. When the crystal is illuminated with cw light homog-
enously along the ¢ axis, the light leaves the crystal at the
side faces. Such scattering has been reported by Liu et al.
as the light-climbing effect [20]. Obviously, other scatter-
ing processes prevail for fs pulses than for cw light.

It is beyond the scope of this work to decide which pro-
cesses precisely dominate for pulses and cw light, respec-
tively. However, we would like to understand which prop-
erties are in general responsible for the observed
differences between scattering induced by cw light and
pulses. One may argue that the much higher peak inten-
sity of the fs pulses plays a role. This would lead to an in-
crease of nonlinear excitations. However, as we can see
from Fig. 2, the sensitivity for pulses is smaller than for
cw light, and it increases roughly linearly with the aver-
age intensity. Both facts suggest that additional nonlinear
excitations by the pulses can be neglected. For fs pulses of
longer wavelengths, nonlinear excitations might play an
important role, as Wu et al. conclude in [14] for near-IR
light.

B. Impact of the Different Coherence Lengths

In contrast to cw light, pulses have a limited extension in
the direction of propagation, which is about (c/n)
X200 fs=25 um in our experiments. As illustrated in
Fig. 6, this leads to an important limitation. Not every-
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Fig. 6. (Color online) Schematic sketch of the overlap between a
pulse, which propagates through the crystal in the direction r,
and a spherical pulsed wave originating from its interaction with
a scattering center S close to the front of the crystal. The vector
T's may indicates the direction of wavefront propagation for scat-
tered light with the largest angle 26, towards r( that still over-
laps with the main pulse at the end of the crystal.

where, but only in a small paraboloidal region, the light
scattered out of a pulse overlaps with the pulse itself.
This overlap is necessary for the pulse and the scattered
light to interfere and to write gratings and therefore is vi-
tal for the self-amplification process. Both wave packages
should therefore overlap until the end of the crystal to get
substantial amplification, and this obviously limits the
possible angles of light-induced scattering with femtosec-
ond pulses to 26,,,, and smaller. This leads to scattering
of pulses mainly in the forward direction, which is what
we observe. More precisely, the pulses must overlap co-
herently to interfere. Therefore, the relevant parameter is
actually the coherence length rather than the pulse dura-
tion. However, since the pulses are nearly Fourier-
transform-limited, both terms coincide in our case.

For the cw light used, the coherence length is several
cm, which is larger than the dimensions of the crystals.
Therefore, the scattering angles are not limited due to co-
herence: Here, light scattered under larger angles has a
larger volume of the crystal available for self-
amplification. In addition, larger grating vectors K ac-
company larger scattering angles, which in turn favor a
higher diffusion contribution and therefore a stronger
beam coupling [21]. Both arguments lead to a higher effi-
ciency of light diffraction at the grating and therefore to a
stronger effect. Thus, for cw illumination, light-induced
scattering under larger angles wins the competition.

This leads to the build-up of the light-climbing effect,
as observed, if the geometrical conditions discussed in
[20] are fulfilled. These conditions are equally satisfied for
the fs pulse measurements, but the effect is obviously
suppressed by the additional angular restrictions dis-
cussed above. Therefore, forward scattering processes
dominate if LIS occurs for pulses. In our experiments
with a focussed beam and in the measurements described
in [14], the light-climbing effect is not possible even for cw
light due to the small beam diameter, and thus the differ-
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ence between the scattering of pulses and of cw light is
much less pronounced or even absent.

C. Angular Selectivity

The different prevailing K of scattering gratings for
pulses and cw light can at least partially explain the dif-
ferent angular selectivities. A smaller K for pulses means
an effectively thinner grating, leading to a relaxed selec-
tivity, and vice versa. In Fig. 4, lines are plotted according
to a very simplified model based on the coupled wave
theory [22], with the following assumptions:

e The incident light hits a single, homogeneous grat-
ing under the Bragg angle, where minimum transmission
occurs.

e The scattering angle 26 inside the crystal is assumed
to be 28° for cw illumination (total internal reflection
angle) and 6° for pulses, which is where we observe the
maximum of scattered light.

e The strength of the grating is varied in order to fit it
to the observed strength of 7.

Considering, furthermore, a hologram thickness of 1/3
of the real crystal thickness, we get a reasonably good de-
scription of the experimental data (Fig. 4). This supports
our basic idea that scattering into a smaller angular
range relaxes the Bragg selectivity. However, for detailed
modeling, the spread of the grating vectors has to be con-
sidered, as well as a correction of the effective thickness of
the scattering holograms, because mostly the rear part of
the crystal contributes. In addition, some bending of the
holograms due to phase beam coupling may occur.

Phase beam coupling leads to a tilting of holographic
gratings [23,24], which might explain the observed shift
of the minimum of our angular selectivity curves. A de-
tailed analysis of this effect is beyond the scope of this
manuscript. For a deeper study, one has to consider in
particular the intensity ratio between the pump wave and
the scattered waves, since this influences the tilting direc-
tion of the grating. Depending on the assumptions, the ex-
planation outlined above may predict two minima sym-
metrically located around the zero degree incidence angle,
but such splitting has not been observed so far.

5. CONCLUSIONS

Light-induced scattering in LiNbOj:Fe shows different
features for femtosecond pulses and cw illumination.
Smaller scattering angles dominate for fs pulses, which
can be explained by the short pulse duration and hence
shorter coherence length for femtosecond pulses. In turn,
the smaller deflection angles are the reason for a much
broader angular selectivity of the light-induced scattering
for pulsed illumination than for cw laser light. The
shorter coherence length also explains that light-induced
scattering of pulses is less pronounced in all investigated
samples and even absent in LiNbOg3:Fe with sufficiently
low Fe?* concentration. This is a remarkable, positive re-
sult, since LiNbOgj:Fe crystals can be employed in appli-
cations with fs pulses without running into problems
caused by light-induced scattering.
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