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The angular and wavelength selectivity of noise gratings in doped strontium barium niobate crystals
for samples with two different thicknesses are investigated. We found that an offset in the optimum
reconstruction angle with respect to the recording geometry occurs as a function of the thickness.
This is a consequence of the unidirectional amplification. Thus the scattering intensity for the
thinner sample is considerably lowered at the very recording conditions. We analyze the
experimental results in terms of the kinematic theory of diffractior2@4 American Institute of
Physics [DOI: 10.1063/1.1815383

I. INTRODUCTION propertie 12 On the other hand, the presence of holo-
cgraphic scattering is considered to be a major obstacle for the
f';lpplicability of photorefractive media as it corrupts the qual-
ity of any optical system. Therefore, eliminating or at least

this process can be explained as follows: The incident light iéuppressing the effect of holographic scattering becomes a

scattered at optical inhomogeneities within the bulk crysta[ynaln goal in order to promote photorefractive crystals for

: P 3,14
or irregularities at its surface. This scattered light interfere§ndu|3trﬁlN%Fg)l'_let'oné' tative f bst ith
with the primary incoming beam and records a refractive- n L 3:"€, a representative for substances with a

index pattern, i.e., parasitic volume holograms, via the phoglomlnant local recording mechanis(photovoltaic effect

torefractive effect. As long as the waves diffracted from the_holographlc scattering was characterized in detail by measur-

recorded holograms are in phase with the primary scattere'rfi]g the transmitted intengilt%/ as a function of the deviation
waves, they are amplifie%:iUsuaIIy it is assumed that this "om recording condition$>°In this contribution we extend

process proceeds until a steady state is established. The SISE\?SG studies to §§;Bag3Nb,05: Ce (SBN61.Cg crystals

tial dependence and the temporal evolution of the amplifica‘-"”th a nonlocal photorefractive respon@ffusion). In ad-

tion process is governed by the photorefractive peculiaritieg:ct't?]n \f{ve pay.tp'[)a;tlplilar zi{ttefntlodr.lﬁto thf angullartcrjlgpkendence
of the material, e.g., the charge-transport mechanism, t € transmitted Intensity for different sampie thicknesses.

sign of the charge carriers, etc. Despite the fact that thi _he obtained experimental data are analyzed employing the

phenomenon has been known for a long time, holographi inematical theory of diffraction.

scattering in its entirety cannot be satisfactorily explained up

to now. Therefore, experiments on substances of a differert: EXPERIMENTAL SETUP

kind experiencing holographic scattering are continuously  \e performed our studies on two single crystals of
performed® On one hand, some potential applications aresgng1:Ce doped with 1.13 mol% cerium which were
based on holographic scattering, e.g., optical phasgrown using the Czochralski method. The crystals are rect-
conjugation, optical limiters, novelty filters, and  gngular plates with their edges oriented along the crystallo-
incoherent-to-coherent conversidin addition, holographic graphic[100]- and[001] axes, the latter being parallel to the
scattering can be utlized to investigate materialpolar ¢ axis. Table | presents the dimensions of the used
SBN61:Ce crystals. The crystals were electrically poled by
@Electronic mail: martin.fally@univie.ac.at heating them to 140 °C, subsequently applying an electric

The propagation of a laser beam through a photorefra
tive medium is always accompanied by photo-induced ligh
scattering, a nonlinear optical phenomenon. The origin of
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TABLE I. Dimensions of the SBN61:Ce samples usgédenoting the thick-
ness.

Sample a|[[100] X d||[010] X ¢|[001] (mm?)
SBN1 7.00x 1.91% 5.95 k.
SBN2 7.29¢0.91x 6.31 " +C-axis

field of 350 V/mm along the axis. Then the crystal was -
slowly (2 K/min) cooled down to room temperature and fi- ‘ A -
e 10 12 14
n'a'lly the'electnc field was removed. ]n order to record para- distance on screen [mmj
sitic gratings, an extraordinarily polarized He—Ne laser beam
at \,=632.8 nm(1,=0.39 W/cnd) was impinged perpen- FIG. 2. Far-field intensity distribution of the amplified scattered light for a

dicularly onto thea-c face. Polarization stai&,lic axis and ~ PUMP beam with\,=632.8 nm propagating through the sample SBN1 at
. . ) . P . . _room temperature. The c axis of the crystal points to the right. The pump
intensity of the pump beam were adjusted by a combinatioReam is centered at the white spot shown to the right of the fanned light

of a\/2 plate and a Glan—Thompson polarizeee Fig. 1 (hatched region The screen was at a distance of 3 cm behind the sample.
A small fraction of the pump beam is directed onto a SijThe scale at the bottom is in millimeters and is valid for the height and the

. - . width of the screen. The bottom graph depicts the intensity distribution
_photoc_:hode PD1 by the beam splltter |_383 FO mo_nltor thealong the white line indicated in the photograph. The dashed line represents
intensity of the pump beam. The transmitted intensity of th&he porder between positive and negativealf space.

crystal is detected by photodiode PD2.

To reconstruct the parasitic holograms, the power of th‘?1alf space of the e axis. This is a characteristic feature of

laser beam is significantly reducet~0.4 uW/cn) in or holographic scattering in a photorefractive material with a
der not to destroy the recorded holograms. The polarlzatloE1

. | ._purely diffusion driven, i.e., nonlocal, charge-transport
state»ofethe readout beam is kept the same as in recordin echanism which yields the well-known unidirectional
i.e., ElEplic axis. To investigate the influence of the wave- gmpjification®’
length on the transmitted intensity, a frequency-doubled
Nd:YAG laser(\,=532 nn), a diode lasef\,=680 nmj, or
the He—Ne laser is used for reconstructing the hologramg3. Reconstruction of parasitic holograms
The readout beams were collinearly adjusted to the recording  aq 5 first step after recording parasitic holograms, we
beam, as sketched in Fig. 1. The sample was fixed on Berformed measurements of the
accurately controlled rotation stage0.001°) that permits
rotations around two mutually perpendicular axes. The crys
tal can be rotated either around tbexis (w rotation) or an
axis perpendicular to the axis (¢ rotation).

transmitted intensity
T(¢;\,) as a function of the rotation angig using different
feadout wavelengths as shown in Figga)3and 3b). The

100
IIl. EXPERIMENTAL RESULTS < 90 %---
. et ]
A. Scattering pattern s % £
. . , , ‘@ 80 g
Figure 2 displays the steady-state far-field scattering pat- 8 \ ==632.8 nm * :
tern of the sample SBN1 on a screen placed behind the g 70 . SaN, d-1.91 mmy | &
sample in a plane perpendicular to tgedirection. We relate - AR |
the laboratory system and the crystallographic coordinate = G0 WM = 1,61 mrad v
system by[100]Ilk, [010Q]llk,, [001]licllk,. The scattered 3 2 41 0 1 2 3
polarization-conserving intensity is completely depleted in @ ¢ [mrad]
the half space of thectraxis, whereas it is distributed in the 100
~ 991
Nd-YAG Laser c-axis s,
rot. <> g 981
® -rot- Holder ®
7R
'E 971
BS2 v2 P | Pp2 % 96 X
]_ = o 532 SBN1
95 L] I680I i . | . i )\?-632;8 nm
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() ¢ [mrad]

Diode Laser FIG. 3. Transmission as a function of the rotation angl@t (a) \,=\,

3
=632.8 nm for parasitic holograms written in SBN1 and SBN2 an¢bhpat
FIG. 1. Experimental setup for recording and reconstructing parasitic holoA, # A, during the reconstruction of parasitic holograms recorded in the
grams. SF is a spatial filter, L is a lens, ES’s are electromechanical shuttersample SBN1. Note the difference in the scale of transmission in both fig-
BS'’s are beam splitters,/2 is a half-wave plate, P is a polarizer, SBN is the ures. All rotation angles are given inside the crystal throughout this paper.
investigated crystal, and PD1 and PD2 are silicon photodiodes. #=0 denotes the recording geometry.
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FIG. 4. Asymmetry parametek(d¢) deduced from the experimental data
for SBN1.

99

transmission is corrected for absorption and reflection, using

the refractive and absorption indices known from literatdre.

For N\p=A\,, the minimum position of transmission astonish-

ingly does not occur at the recording angle but is slightly

shifted towards the positive sense of rotation. In other sys-

tems investigated so far, it is known that the minimum posi- )

tion of transmissiong, occurs at the recording angle pro-

vided thgt the recording and the readout conditions ar£632.8 nm for parasitic holograms written in SBN1 and SBN2 an¢bpt

identical:> Moreover, the transmission curve is not symmet-), #\, during the reconstruction of parasitic holograms recorded in the

ric with respect to the minimum positiog,. Here, we intro-  sample SBN1.

duce an asymmetry parameterA(6¢)=[T(5¢)-T

(=0¢)]I[T(6¢)+T(=5¢)] with 6= p— . Figure 4 depicts tion of N, /X, [Fig. Sb)]. A thickness dependence of the

A(5¢) obtained from the experimental results for the sampleminima’s position cannot be observifig. 5a)].

SBN1. For\, >\, and\; <\, a single minimum of trans-

mission occurs atb# 0. Note that in the first cases;<O0, IV. DISCUSSION

whereas in the lattekpy>0. . . .
When studying thg effect of the crystal thickness on ho- The Ewald-sphere construction concept of the kinemati-

lographic scattering, we obtained a quite surprising result. Agal theory of x-ray diffraction is well known in holography to

expected, the full width at half maximuEWHM) of the describe and predict the angular geometry of holographic

i o d d th tal thick h scatterinég'22 and the scattering circles in lithium niob&te
ransmission curves depends on the crystal thiCkness WNeQ, o a5 scattering rings and lines from volume gratﬁglgs.

!oerformmg ap rot_at|on, as shovyn in Fig.(8): the FWHM is Recently, this model was employed to explain qualitatively
inversely propo_rnpnal to the thickness. the characteristic features of the angular, spectral, and polar-
~ The most distinct feature of that measurement, however, 4tion dependence of the transmitted intensity in the pres-
is a shift of the minimum’s position from zero as a function gnce  of parasitc  holograms in  LiNRO or

of the crystal thickness, i.e¢g# 0, even if the recording and Nay[Fe(CN)sNO]- 2H,0, both media with a local photore-
reconstructing conditions are identical. The thinner thefactive respons&®1® As the Ewald-sphere model is a
sample, the larger the magnitude of the shift. As can be seepyrely geometric construction without obvious correspon-
from Fig. Ja), the transmission changes from about 60% todence to the actual behavior of the wave fields in the crystal
95% at¢=0 for the crystals SBN1 and SBN2 with different in the presence of gratings during recording and reconstruc-
thicknesses of 1.9 and 0.9 mm, respectively. For a qualitativéion, it is expected to describe the essential features of any
understanding of the above-mentioned features, we decidgshotorefractive medium irrespective of the type of recording
to employ the concept of Ewald sph&té®?(cf. Sec. I\),  mechanism.
rather than a more complex approach using coupled-wave The basic ideas of the model that are presented in detail
analysis in Monte Carlo simulations which was presentedn Ref. 15 are the following: In a first step, the pump beam
only recently to describe similar experimental resfilts. (wave vectorky) is scattered from inhomogeneities. Those
To complete the study, a measurement of the angulahjtially scattered wavegwave vectork,) interfere with the
dependence of the transmitted intensity;\,) for a rota-  pymp beam and lead to a complex scattered wave field rep-
tion around thec axis and different reconstruction wave- resented by a complex interference pattern. Consequently
lengths was performe(i rotatior) in the same way as for refractive-index changes are induced in the photosensitive
the ¢ rotation. Basically the transmission curves are symmetmedium. These refractive-index changes are proportional to
ric with respect to the origino=0 and the minimum trans- the product of modulation and linear-response function in the
mission occurs atv,=0 for A, =\, [Fig. 5a)]. However, in  reciprocal space, if we assume small modulation, i.e., the
case of\, # \p, they exhibit two minima atv=+ w, with the  amplitudes of the scattered wave fields are much less than
relative depth of the minima and their position being a func-the amplitude of the pump beam. The region of nonzero

Transmission[%)]

IG. 5. Transmission as a function of the rotation anglat (&) \,=\,
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refractive-index changes thus is confined to a narrow space
aroundk,—k; for isotropic media, i.e., to the surface of two

spheres with the radiyk,=2mn/\,| centered at k,*° These
spheres are sometimes called the primary and conjugate im-
ages, as they are related to the recording of holograms and
the generation of the optical phase conjugate, respectively.
Therefore an efficient recording process can take place only
for grating vectors for which energy and momentum are con-
served. Hence a multitude of elementary gratings is recorded
in the photorefractive material. At the beginning of the pro-
cess, the amplitude of the refractive-index changes is quite
small due to the low modulation. However, in a second step,
successive diffraction from those elementary gratings leads
to amplification and depletion of the scattered light into se-
lective directions that depend on the specific response of the
photorefractive medium under investigation. As a conse-
guence the refractive-index chandge(x) associated with a
certain diffraction direction also increases or decreases. The

Fourier transform of the refractive-index chan@@w}(é)

is proportional to a functi0r$((5), which we call a structure
factor in analogy to crystallography. Its actual values are
characteristic for the photorefractive material. For a standaréiG. 6. Schematic view of the intensity distributitfQ) < expxT'd) in the

. - ; ; [V reciprocal space for SBNa) Three dimensional representation of the real
diffraction problem the scattered Intensity then IgQ) (right hemisphergand conjugatéleft hemisphergimages,(b) cut perpen-

—|S(Q)|2 However, for media with a nonlocal photorefrac- dicular to thek, and(c) k, directions, respectively. Here, we assumed that
tive response, holographic scattering is a self-diffraction prothe refractive-index changes agquallydistributed along the hemispherical
cess t0 be treated f the frame of dynamical holography. TGUrEce e ceshed Ines epreset eiact Srago maching, and te solc
understand the phenomenon, in addition to the intensities,

the phase relatiorbetween the complex interference pattern

and the generated refractive-index structure must be adhis will then result in a maximum of diffracted intensity.
counted for. This leads to anidirectional energy transfer Momentum and energy conservation in reciprocal space can
from the pump to the scattered beams and vice versa, with &ff 9eometrically expressed as a sphere, the Ewald sphere,
amplitude variation proportional to efgl’d). Scattered With radius 2m/\, and its center ak As the crystal size is
waves traveling towards th&c direction are amplified or finite, efficient scattering occurs even in the case of slightly
depleted, respectively, depending on the sign of charge cawiolating Bragg’s law. Thu$(Q) is smeared out in the recip-
riers and the electro-optic coefficiefit®®I' denotes the gain rocal space by an extedQ. The magnitude of the latter is
coefficient that specifies the coupling strength between thgiven by Kogelnik's theors? and is inversely proportional to

waves and is linearly proportional t8(Q)|; d is the crystal the thicknessl of the sample. In Fig. 6 the blurred intensity
thickness. By inspecting the scattering pattern in Fig. 2, wélistribution, which is strongly exaggerated for a better rep-
recognize thaﬂ(Q) is extremely small for the half space resentation, and the Ewald sphere are shown for a typical

Q,Q,<0 compared td),Q, >0, as expected from the afore- experimental S|tuat|o(1>\p¢>\r,k #k) The gray scale sym-
mentioned. Decreasing the thickness of the sample will alsbolizes the magnitude df(Q) and thus indicates those re-
decrease the intensity ratio between those half spaces, thg#ns of the reciprocal space from which intensity can be
resulting in a less asymmetric scattering pattern. We arsupplied to a scattering process. For simplicity the angular
aware of the fact that the gain coefficient depends on thelependence of the gain is neglected, so that the intensity
scattering anglé However, for the sake of simplicity, we distribution is constant along a sphere with radjlq;*, To
assume that(Q) 0 for Q,Q,<0 and neglect this angular reconstruct the parasitic holograms, an extraordinarily polar-
dependence, an approximation which is sufficient to underized readout wave is used that typically has different wave-
stand the experimental results. Thus two hemispheres, tHengths\, or/and a different angle of incideneg Scattering
real and the conjugate images, resgtvriting hemi-  of the readout beam takes place only if refractive-index
spheres). As we do not discuss polarization effects in this changes occurred, |e|(Q)¢O and energy and momentum
contribution, the actually correct shape of hemlelllpsqus are conserved. The total scattered intensity therefore is pro-
can be replaced simply by hemispheres. portional to the area of overlap between the Ewald sphere
At this point we have to discuss the conditions for anand the intensity distribution. Noticeable intensities show up
optimum reconstruction of our scattering pattern. As we arenly if the Bragg condition is simultaneously fulfilled for a
concerned with a multitude of gratings, with optimum con- significant number of parasitic holograms. In the experiment
ditions we mean thall of the gratings are reconstructatl  we intentionally violate the Bragg condition for some portion
the same timei.e., they simultaneously fulfill Bragg’s law. of the gratings and monitor the related intensity changes.
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Analyzing the experimentally observed scattering pat- k
tern from Fig. 2 reveals that only grating vectors with a
maximum spacing of about7®|KaJ=3.5um do have a +O
significant structure factor. These findings are implemented ),\
in the simulations for the total scattered intendigy1 I+, LN
where we perform a surface integral of the intensity distri- - \
bution over the Ewald spherbszgﬁl(é)d,&

In reconstruction we are looking for the intersection of
the Ewald sphere with the hemisphere of the primary image k
and its conjugate. This is expected to result in features which y
are specific for reconstructing parasitic holograms in SBN.

These features can be summarized as follows: -~ -(p A

~ s

Conjugate
~~.._ image

~.

A4

(1) For reconstruction of parasitic hologramsi\at=\, and s
¢ rotation, a single minimum occurs. The curve is Primary
slightly asymmetric with respect to the minimum posi- image
tion ¢y. Moreover, the latter depends on the thickneéss
of the sample. With increasing thickness the positionF!G. 7. Schematic view of the structure factor near the origin of reciprocal
approachesh,=0 [see Fig. &)] space for SBN in a cut perpendicular kg The lines represent the Ewald

) ' spheres foln, =\, at =0, £¢.

(2) An asymmetric reconstruction curve with a single mini- P patd ¢
mum ¢, # 0 in the case\,; # \, is found. The position of . . e =
the minimum depends on the ratip/\, and the thick- ~for rather small diffraction angles, i.€K|<[Kpay. Conse-
nessd. Note that the sign of, (for a sufficiently thick quently the structure factor is prominent only in the very
samplg depends on whethar. >\, or \, <\, [see Fig. vicinity of the reciprocal space’s origin. The corresponding
3(b)]. . P grating vectors in this region—indicated by the dashed-

(3) For w rotation and\,=\,, a symmetric reconstruction dotted lines in Fig. 7—considerably contribute to scattering.

curve with one minimum aby=0 is revealed, regardless 11€ consequence is that the minimum positio of the
of the thickness. transmission deviates frond=0. Moreover, by decreasing

(4) A double minimum structure fow rotation is obtained the thickness of the sample, the width of the structure factor
in the case\, # A, with the maximum of transmission at increases_ and the overlapping regions, too. Hence, a thinner
©=0. This resembles the results fab rotation in sample yields a larger shitb,. The asymmetry of the rock-

~.
N

LiNbO, (Ref. 15 (see Fig. 5 ing curve for\;=\, and its thickness dependence are a fin-
(5) The F\?VHM i.s a function (')f the rotation axigh, ) and gerprint for systems with unidirectional amplification. We
thicknessd ' suggest investigating the angular dependence of LiNb@&t

exhibits much less asymmetric amplification because the

ltems 1-4 can be understood in the frame of the model. dominant transport mechanism is due to @feeal) photovol-

Let us start the exp|anati0n with a magniﬁcation of thetaiC effect. It is even questionable if the standard model of
structure factor and the Ewald sphere in the vicinity of re-two-wave weak signal amplificati6hcan be used to fairly
ciprocal space’s origin in thig,—k, plane, i.e., Fig. @&). We understand holographic scattering at all. Several systems
recall that the scattered intensltyis given by integrating the ~Were discovered that exhibit holographic scattering for which
structure factor over the surface of the Ewald sphere. Th@mplification on that basis is simply forbidden by symmetry
solid line in Fig. 7 indicates the latter at the very recording_becausle19 tsgose media are centrogymn?é’tr!or even
conditions, whereas the dashed and dotted lines represent ti§@tropic: ™" We would like to emphasize that in thin crys-
sphere for a deviation ap=+¢. From this figure it is clear tals of SBN, i.e., crystals for whicth, # 0, holographic scat-
that a slight rotation  of the crystal in the negative sense, tering is considerably enhanced in case of reconstruction
i.e., towards the e axis, results in an additional contribution conditions other than the recording conditidng Fig. 3a].
of scattered intensity from the conjugate image. In contrasflolographic recording by a two-wave mixing scheme is
for a rotation 4 the overlap area is smaller. This results in therefore considerably facilitated in such samples.
an asymmetry for the transmission curve relative to the mini- ~ Simulations for the angular, wavelength, and thickness
mum position(see Fig. 4 dependencéq rotation in such a medium are depicted in

In the preceding section we made use of the energy anﬁig- 8. A quglitative agreement with the experimental data
momentum conservation laws to deduce the region in recipFig- 3 is evident. We are aware of the fact that for a quan-
rocal space in which recording of gratings is principally al- titative comparison _the act_ual st_ructure factor must be ac-
lowed. Then we suggested to restrict this area to the haffounted for. In the simple simulation performed we assumed
spacesQ,Q,>0 as SBN cannot exhibit holographic gain in @ uniform distribution alonQ=K+k; and a cutoff grating
both +c- and —c direction(see Fig. 6. In addition we have to  vectorK,,, i.e., (Q)=0 for |Q|> |Ka-
account for the fact that the gain strongly decreases with The experimental data fapb rotation prove that the fea-
decreasing grating spaciﬁb,i.e., larger diffraction angles. tures described above stem from the unidirectional amplifi-
Therefore, the parasitic gratings are effectively recorded onlgation along the e direction. Note that the curves shown in
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FIG. 8. Simulation of the transmission as a function of rotation adgler ~ FIG. 9. Simulation of the transmission as a function of rotation angler
(& \=\, and two different values of the sample thickne§&pay (@ \=\, and two different values of the sample thickne§ )
=0.2 um™) and (b) Ay <Ap, A >Np With [Kpa =2 um™, =0.2 um™) and(b) A, <Ay, A, >\, With [Kpal=2 pm ™.

Fig. 5@ seem to be neither asymmetric nor do they exhibit adiffraction. It correctly predicts the occurrence of one or two
minimum valuew,# 0. This is expected from the model, as minima under rotation around different crystallographic
the structure factor depicted in Fig(tg is fully symmetric  axes, the behavior when changing the wavelength, and the
with respect to thek, axis, a property which is probed by effect of sample thickness on the minimum position of trans-
conducting this type of rotation. The corresponding simula-mission.
tion is shown in Fig. 9. The humps in the simulations can be
explained by the fact that we use a sharp cutoff. This is &a\ckNOWLEDGMENTS
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