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Abstract:  Light induced waveguides produced by lateral illuminatadn
a photorefractive crystal show a complex dynamic evolutipon removal
of the sustaining applied electric field. Using this effedflection and
modulation of the guided light is realized by taking advaetef the
screening and counter-screening of the space chargebdistri. The spot
separation upon deflection can exceed 10 times the origiaakbguide
width. Numerical simulations of the refractive index ew@n and beam
propagation show a good agreement with the observations.
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1. Introduction

Waveguides can be induced dynamically in a photocondueteatro-optic material by lateral
illumination of the sample surface with a properly shapeqtied illumination in association
with an applied electric field [1, 2], or, in alternative, laking advantage of the photogalvanic
response of the sample [3]. In the former case, the charggnibdtion induced by the control
illumination leads to the screening of the applied field, ebhtan result in a locally increased
refractive index in the illuminated region. The physicalainanism is similar to the one at work
for waveguide formation by longitudinally propagating por@fractive bright spatial soliton
beams [4]. Past investigations have shown that the staatlyshape of the waveguide reflects
essentially the one of the light laterally illuminating tbeystal. This is true in the case where
the homogeneous conductivity of the crystal approachegsttbconductivity produced by the
lateral control light. If this is not true, the waveguide paacan dynamically broaden beyond
the width associated with the illumination. This situatisrtypically found in the absence of
a homogeneous background radiation in low-conductivityemals. An example is LiTa§)
for which an interesting waveguide-splitting phenomenas wecently discovered [2]. After
the broadening of the waveguide, the removal of the appledd feads to the splitting of the
guided light into two lobes outside the area originally qued by the primary guide. This
effect was qualitative explaned in terms of a re-screenfragspace-charge distribution created
by the initial screening of the applied field (double scraghi2].

One of the most attractive features of the photorefractardinearity is the possibility for
optical steering or modulation of a light beam. Light defl@etand modulation via the photore-
fractive effect has been demonstrated in the past by difféeehniques, most of which rely on
dynamic holography [5, 6, 7, 8, 9]. Variable light deflectiwas obtained by isotropic [5] or
anisotropic diffraction [6] at a photorefractive Bragg timg tuned by a change of the recording
wavelength. In alternative, a self Bragg matched configmmdtased on a double color pumped
oscillator was also demonstrated [7]. Deflection of the otdlé light was observed in sillenite
crystals as a result of space-charge waves [8]. A photatifeaall-optical deflection switch
was proposed in Ref. [9] by simultaneous interference of paivs of waves and control of
their relative phases (duplex two-wave mixing). Non-hotgahic beam deflection was demon-
strated in He -implanted strontium barium niobate planar waveguidesitbh the influence of
a self-focused pump beam on a weaker probe beam [10]. Indbis the effect was attributed
to a combination of thermal and photorefractive effect. Tteral motion at constant velocity
of a self-focused beam across a photorefractive crystalalgmsshown to give rise to strong



beam deflection as a result of the inertia of the refractidexchange dynamics [11].

In this work we study the above mentioned waveguide spiitirocess in detail using the two
low conductivity photorefractive crystals &a; xNb,Og (SBN) and LiTa@. Upon removal
of the electric field used to sustain the generation of thexdyio photoinduced waveguide, the
light originally propagating in the waveguide is expelledm this region. We show that the
double screening phenomenon mentioned above leads to btypeef dynamic light deflec-
tion that may be controlled by adjusting different parametémong these the homogeneous
background conductivity and the value of the electric fiesdddiduring the waveguide recording
step are the most important. Together with the shape of temaldllumination, the background
conductivity defines the initial conditions for the spliti process (the initial refractive index
profile). The applied field controls the refractive index ttast and, together with the photore-
fractive response time, has a direct influence on the spegtieh the light "expulsion” takes
place. The experimental observations are qualitativehfiomed by numerical simulations of
the beam propagation based on a simplified model for the dgnewolution of the refractive
index distribution. This model can explain the exceptignkdrge light "expulsion” distance
observed in SBN. For this crystal the waveguide recordiglgtlis only weakly absorbed and
the light reflected from the back surface of the crystal dbates in the definition of the shape
of the refractive index distribution. Finally, it is showhait, using a periodically modulated
applied electric field, a periodic switching of the outpusijtions of the guided beam can be
obtained under constant optical illumination. This newelgfbn-type switching is electrically
controlled and requires the shaped control light merelyldadof catalyst.

2. Experimental technique

Light induced waveguides were formed using a set-up sinidahe one given in Ref. [2]
except for the absence of the homogeneous backgroundilation. Fig. 1 gives a simplified
scheme of the set-up. The control illumination defines tlggoreand shape of the primary
waveguide through the combination of the mask and the ingagitics. The probe wave guided
in this guide is observed by the CCD camera at the output fattearystal. The experiments

Fig. 1. Simplified scheme of the experimental set-up. L1,dpherical lenses; CL1, CL2:
cylindrical lenses; ND: neutral density filter. A voltageis applied to the photorefractive
crystal.



presented in this work were performed with the electro@ptystal strontium barium niobate
(SBag_xNbyOg, x=0.61) weakly doped with 0.02 mol% Ce, and, for comparjsath near
stoichiometric LiTa@ with a Mg doping of 0.7 mol%. The dimensions of the crystalseve
axbxc=10x5x5mn?andaxbxc=10x4x 3 mn?, for SBN and LiTaQ, respectively.
The controlling light defining the waveguide shape was peeduby transmission through a
straight slit imaged onto the crystal and was at the wavétehg= 514 nm for SBN and at =
257 nm for LiTaQ. The former wavelength is moderately absorbed in SBN (witsogption
constantr = 0.26 cnt 1), while the latter is strongly absorbed in LiTaQx ~ 690 cnr® [12]).
An electric field was applied for both materials along thexis of the crystal in order to induce
the waveguides in combination with the lateral controlniination. The direction of the field
was such as to reduce the refractive index, what is gendaadiwn as the focusing case. The
probe light was in both cases &t= 633 nm and was polarized parallel to the crystaixis.
Its propagation direction was along the longest direct@rbbth crystals and its intensity was
low, such that this wave was not influencing the waveguidmé&tion. We concentrate in this
work exclusively on the behavior observed upon removal odutetion of the electric field
after a light induced waveguide was already formed by thegs® described in Refs. [1, 2]
and reached steady-state. The applied electric field isfiwer the only quantity that is varied
during our measurements, i.e., we kept constant illunmonatonditions of the controlling light
and constant coupling conditions for the red probe wave.

3. Beam splitting and deflection upon field removal

Figure 2 shows an example of the observed dynamics of thedlight exiting the SBN non-
linear crystal (back surface of the crystal imaged to a CCibara). After the applied electric
field is removed at the beginning of the movie the light sptits two lobes. The corresponding
deflection angle varies with time and reaches a maximum be&daxing towards the center.
In its final stage, after the end of the movie, the conditiomiatural diffraction is reached (ab-
sence of a waveguide). In this particular case the width @btie-dimensionally-guided wave
before removal of the electric field was 16n (full-width at half maximum (FWHM) at the
output crystal surface).

Fig. 2. (1.2 MB) Waveguide splitting and relaxation upon ozal of the applied electric
field (Eg = 4 kV/cm) in the SBN crystal. The initial photoinduced wavisgwas recorded
to steady state using 514 nm light. The local intensity was m®V/cn? in the 25um
wide imaged slit on the crystal lateral surface. The lat#ahination is maintained after
removal of the applied field. The movie is in real time, the thidf the imaged area is
410 um.

Figure 3 shows the position of the "center of mass” of the talmek as a function of time.
All measurements were taken after a waveguide was recordedgdthe same time and at



the same intensity of the controlling light. The only difface between the three curves is the
value of the electric fiel&y applied during waveguide recording. The initial fast dig@ment
speed becomes gradually slower before inverting its daecthe system relaxes then towards
the conditions were no waveguides longer exist. The maxirheam displacement is larger
when the fieldgg was larger. In the case of SBN shown here, the total maximyparaton be-

Distance [um]

Fig. 3. Position of the "center of mass” of the expelled lilghttes as a function of time. The
initial photoinduced waveguides were recorded in SBN dufil seconds to steady-state.
The local intensity was 375 mWi/cnin the 25um wide imaged slit. The curves differ by
the fieldEq applied during waveguide recording and removed at timed. Red solid line:
Eop= 4 kV/cm, blue dotted lineEg= 2.4 kV/cm, green dashed linEy= 1.6 kV/cm.

tween the two lobes is about 238n for a field ofEg = 4 kV/cm. Note that this displacement
largely exceeds the width of the original projected wavdgu5um), as well as the width
of the naturally diffracting probe wave at the output of tigstal in absence of a waveguide
(FWHM= 57 um). Similar experiments performed in LiTa@ive generally smaller displace-
ments of the light spots. As an example, Fig. 4 shows the reldrifnage of the output surface
of the LiTaQ; crystal for the moment of maximum lobe distance. At the kiggkpot position
the separation isc 92 um, which is only slightly wider than the width of the natuyadiiffracted
probe beam. It can be noticed that in this case the obseratsl are slightly oblique. The spot
distance increases te 105 um closer to the surface illuminated by the UV control lightlan
diminishes tox~ 77 um by moving down by about 7dm. The reason for the appearance of
these oblique spots will be discussed later.

We observe the exceptionally large light "expulsion” digta in SBN even though the guided
light is still relatively well confined at the moment whereetfield is removed (see Fig. 2).
This is different than the situation generally encountdrediTaO3, where, in absence of a
background illumination, the probe light is no longer walided at steady-state prior to field
removal [2]. A more complex refractive index structure sedherefore to be responsible for
our observations in SBN. We will discuss these aspects mildetthe next section.

4. Modeling of beam propagation upon field removal

4.1. SBN

In order to elucidate better the above anomalous waveguiitérey behavior, we have per-
formed numerical simulations of the probe beam propagdyathe beam propagation method



Fig. 4. Snapshot of waveguide splitting observed at theudgprface of a LiTa@crystal
for the moment of maximum lobe separation. The electric fgplied during recording of
the primary waveguide was 5.5 kV/cm and the primary wavegwiith was 2Qum. The
UV control illumination comes from the top.

[13, 14]. In our model the one-dimensional refractive ingeafile is assumed to be invariant
along the propagation directianbut varies in time. Just after the removal of the electrildfie
the refractive index profile is assumed to possess thelalision

1(x)
|(X)—‘y—||:)7

which applies to the case where the conventional photaréfeaeffect is at work. Heréng

is the refractive index change amplitude proportional te épplied electric field according
to Ang = n°rEp/2, wheren is the average refractive index,is the active effective electro-
optic coefficient andgg is the field applied during waveguide recording. The quan(ix) is
the spatially dependent intensity of the control light gatiag the waveguiddp is the dark
intensity [15], that is the equivalent intensity producithg same density of mobile carriers
than the one giving rise to the homogeneous component @ecanductivity of the crystal.
Note that the dark intensity can be related to a combinatfdhevdark conductivity and the
photoconductivity due to a homogeneous background irtiadiaf the crystal, if the latter
exists (see Ref. [16] for a detailed discussion). In theofeihg the quantitie$(x) andlp will

be normalized in such a way that 1 corresponds to the intensity of the controlling light oa th
crystal in the center of a perfectly imaged slit. Expresgigrtorresponds to the refractive index
distribution due to steady-state screening of the applield ffter formation of the primary
waveguide, shifted up by the vald®g as a result of the removal of the fielig.

It was shown earlier, that a sufficiently high internal spabarge field opposite to the spon-
taneous polarization can induce ferroelectric domainrsaldeading to the fixing of spatial
soliton waveguides in SBN:75 crystals [17]. In our SBN:6ystal, this kind of waveguide fix-
ing was not observed for the range of parameters and for fheriemental procedure used in our
investigations. Therefore we can safely neglect the eiedbmain reversal in the description
of the dynamic evolution of our photoinduced waveguideshis framework, the relaxation of
the refractive index distribution upon removal of the apglelectric field can be represented in
the simplest approximation as

An(x) = Ang 1)

1(X)
| (X) +Ip
Here the dimensionless timdas been normalized to the value of the photorefractiveoresp
time tpr for a normalized intensity equal to Ipr depends principally on the conductivity

An(x,t) = Ang exp[—t (I1(x) +Ip)]. 2



and on the dielectric properties of the crystal [18]. Thegitgl model underlying Egs. (1) and
(2) completely neglects all charge carrier diffusion effedt assumes a fully local response
dynamics, for which the local relaxation time is inverselgportional to the local total intensity
[19]. Despite for the simplifying assumptions, this modelintains the most essential physical
features and, as seen below, has the merit to reproduce gegimental observations in a
satisfactory way.

A crucial aspect for the implementation of the model caliates is the choice of the light
intensity distribution (x). In a first step we have performed several simulations bycéssag
[ (x) solely with the control illumination directly incident ohe region of the photoinduced
waveguide (the green light propagating from bottom-leftaje-right in Fig. 1). In the case of
SBN we were never able to reproduce the observed behavificisofly well using a physi-
cally sound set of parameters. It appears therefore evidanthe directly incident wave alone
cannot lead to the strong repulsion observed. Our choideei®fore to consider an incoher-
ent superposition of two componenksx) = I1(x) + 12(x). The first,11(x), is the control light
directly incident from outside. This is the wave discussbdva that is intended to produce
the narrow primary waveguide. We take the simplifying agstiom that the slit defining the
waveguide is perfectly imaged at some plane inside thealrgsid that the waveguide is be-
ing probed very close to this plane, in the Fresnel diffactiegime of the imaged slit. The
normalized intensity; (x) can then be expressed as

1

11x) = 5 (IC0%) — C(Xa))? + [S(Xe) — SOWI?) @)

whereC(X) and S(X) are the Fresnel cosine and sine integrals, respectivedy.ifitegration
limits areXz = /2/(A’d1)(x+a) andX; = \/2/(A’d1) (X — &), where 2 is the width of the
imaged slit on the crystal’ = A /nis the light wavelength in the medium, adglis the distance
between the waveguide probing depth and the depth of ideajimg. The second component,
I2(x), consists of the same light after propagating inside thetatyo the other lateral surface
and being reflected back towards the region of the waveglrideost cases this reflected light
is already in the Fraunhofer diffraction regime. The noiir&al intensityl,(x) can be calculated
as well using Eq. (3), by replacing the distamigavith the total path distana# from the ideal
plane of perfectimaging to the back lateral surface, an#t tiathe waveguide. In addition, the
intensityl»(x) of the back reflected light has to be further normalized byctofa

1-n\?
K= (1+n) exp(—ady), 4)
that takes into account the Fresnel reflection and absarpfithe controlling light (absorption
constant =a). The light distributionl (x) = 11(X) + I2(x) is depicted in Fig. 5(a) for a set of
parameters proper to our crystal sample and experimenéscdifiesponding initial refractive
index distributions according to Eq. (1) are shown in theesé&gure for three values of the nor-
malized dark intensityp. The valuelp = 0.005 is consistent with the observed ratio between
the formation time and the dark lifetime of the photoindustdctures in our crystal. The re-
fractive index distribution of Fig. 5(b) shows that in these the initial primary waveguide sits
on a wider plateau of increased refractive index inducednieybtack reflected control light.
As seen below, the refractive index contrast between theaerimary guide and the plateau
is nevertheless sufficient to guide the probe wave. For targiees oflp (blue dotted line in
Fig. 5(b)) one obtains a stronger and better confined irdgatral waveguide. In fact, I ex-
ceeds the intensity level of the back reflected control I{glttich is about 3% at its maximum
in our case), the plateau can be allmost completely elirathakhis is the concept used earlier
for recording photoinduced waveguides with backgrounahiihation [1, 2], which experimen-
tally leads to a much less dramatic dynamics upon field rem@rathe other hand, for small
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Fig. 5. (a) Light intensityl = 11 + 1, for the parameters &= 25um, d; = 10um,
dr = 9.5 mm,n= 2.33, a = 0.26 cnT L; (b) Refractive index distribution just after re-
moval of the applied field fotp = 0.005 (red solid curve)lp = 0.1 (blue dotted curve),
andlp = 0.0001 (green dashed curve).

values oflp (green dashed line in Fig. 5(b)), the formation of the cdmbitial waveguide over
the plateau is prevented and the probe light would no longeguided before the removal of
the applied field.

With the knowledge of the intensitiég(x) andl,(x) and of the initial distributiodAn(x,t =
0), we can calculate the evolution of the refractive index jpeaff the waveguide using Eq. (2).
Thisz-independent profile can then be used to calculate the padipagf the red probe wave at
any time by the beam propagation method [13, 14]. As an ex@rfj. 6 shows the calculated
dynamics for SBN upon removal of the applied field. The terapevolution of the probe beam
propagation is calculated for a set of parameters correiipgrio those used experimentally.
The maximum refractive index chanfjgy = 3.5 x 10~* used in the simulation can be induced
by a fieldEy = 2.4 kV/cm (corresponding to the intermediate field in Fig. 3 the electro-
optic coefficientrzzz = 235 pm/V of SBN (x = 0.61) [20].

Figure 6 shows the temporal evolution of the probe wave grafan, of the refractive index
profile and of the probe wave output intensity. At the time0 the refractive index profile cor-
responds to the one given by the solid line in Fig. 5(b), tlieincontrast between the central
region and the plateau is enough to guide the probe wave raeagent with the experiments.
The following simulated time evolution shows that the prbgkt is rapidly expelled from the
initial central waveguide, it reaches the maximum distdnca time of the order of 5 times the
photorefractive response tinter, before slowly relaxing back to a straight propagation. The
calculated dynamics of the waveguide splitting procesa i3oiod qualitative agreement with
the observed one (see Fig. 2 and Fig. 3). The simulated spata@n distances are consistent
with those observed experimentally. We recall that the &tmans are calculated under sim-
plified ideal conditions. The strong effect of the bordertu tefractive index change profile
associated to the central lobe of the diffracting back regcontrol light is a consequence of
this simplication. In the experimental situation, any sma@tg stray light, as well as multiple
reflections, contribute to smooth the refractive index asttat the border of the central lobe.

Our observations of Fig. 3 show that the probe light splisseiaand further apart if the field
that is applied during the primary waveguide recording igéa Figure 7 shows a snapshot
of the initial splitting ¢ = 0.3) of the probe wave for three valuesffiy corresponding to the
three values of the field in Fig. 3. The stronger initial splagplitting for the higher fields can be
easily recognized, in agreement with the experimentalrbsens. It has to be noted, that for
materials with short diffusion lengths, such as our SBN tailyshe photorefractive response
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Fig. 6. (1.5 MB) Simulated time evolution of the waveguidditipg phenomenon after
removing the sustaining applied electric field at the tinee0. The left-hand side shows
the propagation of the probe beam in the SBN crystal comtgitkie splitted photoinduced
waveguide with the given color scale for its intensity. Thp-tight diagram shows the evo-
lution of the refractive index profile according to Eq. (2helbottom-right diagram shows
the profile of the probe beam intensity on the output surfdcie crystal. Parameters:
Ang = 3.5x 1074, Ip = 0.005, input waist of probe beam = 18n. All other parameters
as in Fig. 5. The time is normalized to the photorefractivgpomse time. The temporal
distance between frames is not constant.

time is a decreasing function of the electric field [18]. Téfere, the same normalized time
corresponds to an earlier "real” time for the case of a lamgd than for the case of a low field.
This effect contributes to accelerate further the dynarfucshe larger fields with respect to
what appears from Fig. 7.
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Fig. 7. Initial splitting of the waveguide at the normalizéthe t = 0.3 for three values of
Ang. (a) Ang = 6x 104 (Eg ~4 kV/cm); (b) Ang = 3.5 x 10~ (Eg ~2.4 kV/cm); Ang =
2.4x 10~* (Eg ~1.6 kV/cm). The other parameters are as in Fig. 6.

4.2. LiTaG

In the case of LiTa@the control light is strongly absorbed and induces direcidbtm-band
phototransitions. For such interband processes the giiadreombination of carriers leads to



a photoconductivity which increases only with the squadd of the light intensity [21]. This
has an effect on the screening of the applied electric fiejJdag&uming that the square root
dependence is valid over the whole range of relevant infiessiEgs. (1) and (2) have to be
modified, and Eq. (2) is replaced by

An(x,t) _AnO% exp[—t (\/W+ \/E)] (5)

Here the same intensity normalization as above is used @nkh oflp is the same as in the
case of SBN. Due to the large absorption constar90 cn 1 [12]), the back reflected control
wavely(x) does not play any role in the case of LiTa®levertheless, in the absence of a back-
ground illumination a significant widening of the primaryweguide during recording (with
field on) is observed, as was discussed in [2]. This widersrmye to control light surrounding
the ideal imaged slit defining the waveguide (stray lightcginbination of diffraction effects
(described in first approximation by the functirix) of Eq. (3)) and of scattering effects due
to bulk defects or surface imperfections (more difficult &sdribe mathematically) is expected
to contribute to the stray light producing the widening. E¥leough the intensity level of the
scattering might be very small, it can lead to quite strondeming because of the very low
levels of the dark intensitly proper of LiTa@ under UV illumination. The quantitiy can be
estimated by considering the depth until which a holograghating can be recorded by the
UV light. This depth corresponds roughly to the position velle/lp = 1 and is of the order
of 250 um [2] for crystals similar to the one used in our measuremésgsg the above ab-
sorption constant we can then estimate a ratio of the ordefigf= 10° at the depth of 80-90
pm of our waveguides. The main reason for the very small vafug @s the high quantum
efficiency connected with the interband phototransiti@eow, we will discuss some simula-
tions of the probe beam propagation in LiTaly considering the refractive index evolution
given by Eq. (5). For simplicity we neglect the effect of $edhg and limit the description
of the stray light to the diffractive component by using tixpression (3) for the control light
intensity, always with a non vanishing value for the distaghc

Figure 8(a) shows the calculated propagation of the probhewathe stationary state just
before the applied field is removed. By considering the edegptic response of LiTa§){22],
the refractive index amplitudé&ny used for the simulations corresponds to an applied field of
5.5 kV/cm. The wave is only badly guided due to the fact thatwlaveguide has suffered a
significant widening, as seen by the refractive index diation in Fig. 8(c), which applies to
the same situation. Fig. 8(b) shows the same propagatidiobatnormalized timé = 5 after
removing the applied electric field, which corresponds tdudgo the moment of maximum
separation. Figure 8(d) shows the refractive index digtidim at the same time. As in the case of
SBN, we observe the splitting of the propagating wave into lobes. However, the calculated
separation distance between the lobes is smaller than in @BNh is in agreement with the
observations in the two crystals (compare Fig. 2 and Fignd)vath the model simulations for
SBN (Fig. 6).

As discussed earlier, the near field experimental obsensin LiTag (Fig. 4) show that
the two lobes are slightly tilted with a larger separatiomselr to the entrance surface of the
control light. Due to the large absorption, a change in dépttonnected to a change of the
normalized dark intensithy. We discuss the lobe tilt with the help of Fig. 8(e), where \a&eh
calculated the output intensity profile of the probe beantlioee different values db, cor-
responding to three depths mutually separated by i35 Together withp, we have changed
also the value of the imaging mismatdh, increasing it from 1Qum for the top diagram in
Fig. 8(e), to 45um for the middle one, and to 80m for the bottom one. In general, larger
values ofd; lead to wider intensity distributions that may lead to bigggot separations. How-
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Fig. 8. Model calculations for the case of LiTa@sing Egs. (3) and (5) with the parameters
Anp =8.8x 1075, 2a=20um, n= 2.72 and a probe beam input waist of . (a) Probe
beam propagation in the primary waveguide widened to ststatg at = 0 for Ip = 10>
andd; =45 um. (b) Same as (a) but for the tirhe= 5 after splitting of the waveguide. (c)
and (d) Refractive index profiles for case (a) and (b), rethgy. (e) Output probe beam
intensity profile at three depths foe= 5. The central diagram corresponds to the case (b).
The upper diagram to a position #n closer to the surfacéd = 8.9x 107, d; = 10 um).

The lower diagram to a position 38m deeperlp = 1.1 x 104, d; = 80 um). The dashed
green line is a guide for the eye evidencing the relation wighspot obliquity of Fig. 4.

ever, our simulations have shown that, for the range of Bitgrto-dark-intensity ratio in which
we operate experimentally, the change of the parantkteas only a very small influence on
the spot obliquity with respect to the influence of the noineal Ip. Indeed the simulations
of Fig. 8(e) correctly predict a larger spot separation f@ top diagram (see dashed green
helping line) that corresponds to the layer closer to théaser This larger separation is due to
the stronger widening occurring for the larger values ofrii® | /1. The calculations predict
a decrease of the separation by about 25:80for a depth increase of 70m, which is in
quite good agreement with the observations of Fig. 4, thelatesvalue of the spot separation
is matched within roughly 20% between experiments and sitiaus. It is worth noticing that,
if we perform the simulations using Eq. (2) instead as with (53, we obtain a much stronger
dependence of the spot separation on the normalized valge dhe spot obliquity predicted
by Eqg. (2) is nearly doubled, what prevents to match the éxmartal data. This proves the
necessity to take into account the square root dependerice photoconductivity on the light
intensity in the model.

5. Modulation of the transmitted light by waveguide anti-waveguide alternation

Since the removal of the electric field prevents the probi# lig remain guided in its original
photo-induced waveguide, we can use this effect for a néglet modulation technique. The
application of a periodic high-voltage to the crystal letwla waveguide and an anti-waveguide
appearing cyclically at the place illuminated by the shagmdrol light. The modulation occurs
through the coupling of the spatial position of the outpuareto the electric field, without



changing any of the illumination conditions. Figure 9 shamsexample of this modulation as
obtained in SBN under a periodic applied field of triangulea®e. Note that in the experiment
of Fig. 9 we have deliberately slightly misaligned the ireside direction of the probe wave
with respect to the axis of the waveguide. In this way, upanaeal of the field, the light is
expelled only on one side of the waveguide. In the examplergin Fig. 9 , when considering
the conditions separated by half a voltage cycle, the oytpsition of the probe beam shifts by
roughly 90um. When repeating the same kind of experiments with Lirainilar results are
obtained, however the observed shift is of the order oft4Din this case.

Fig. 9. (1.2 MB) Modulation of the output position of the peobeam under a periodic
electric field. A triangularly shaped electric field with alityde 2 kV/cm and frequency
1 Hz is applied to the crystals. The resulting waveguidéaavieguide alternation results
in the periodically varying output position of the probe waVhe two frames shown above
are separated by half a period, the corresponding dispkcebetween the two positions
is about 90um. SBN crystal, controlling wave intensity = 0.4 W/énThe width of the
imaged area in the multimedia file is 48@n.

In order to better characterize the dynamics of the effeethewe inserted a small pinhole
in the image plane of the crystal’s output surface and detiette transmission through this
pinhole by a photodiode. Figure 10 shows an example of thie tlependence for the case
of LiTaO3 and three different frequencies of the applied field. Thengiger of the measuring
pinhole was one half the nominal width of the photoinduceglegaide. The intensity of the
incident UV controlling light at the surface of the crystaasvl.1 W/cr. Considering that the
waveguide was probed at an average deptk 80um, the local UV intensity in the probed
region was~ 2 mWi/cnt. The dynamics of Fig. 10 is following the particular form bétvolt-
age delivered by the high voltage power supply being usegleitleeless, at the two higher
frequencies, a slight delay between the maximum of the epploltage and the maximum of
the transmitted intensity can be recognized. In these tiondi the field can lead to an increase
of the waveguide strength even at the beginning of its deargdalf period. When compared
to the periodr of the applied field, at the above intensity the resultingnadtion between the
red and blue curve is roughlyIbx T for T = 100 ms, 004 x T for T = 335 ms, while it be-
comes nearly irrelevant at lower frequencies. As can beaggdelue to a slower dynamics, this
retardation increases if the controlling light intensigyreduced. For instance, for a 40 times
lower intensity we get a phase retardation %% T atT = 100 ms. The maximum modula-
tion amplitude of the transmitted probe light is found foe tibove experimental conditions in
LiTaO3 when the applied field period is in the range of 200—-350 ms.

For similar experiments performed using SBN we obtain d@sgnthe same kind of results
as those depicted in Fig. 10. Here the optimum modulationitudp is found for an applied
electric field period of the order of 1 second (incident coltitig light intensity = 90 mWi/cr).

At this intensity the retardation discussed above goes B¢ T at T = 400 ms down to
0.002x T atT = 10 s. It should be noted that in SBN, due to the much lower gibisorof the
controlling light, the observed dynamics is much less ddpahon the probing depth below
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Fig. 10. Waveguide modulation dynamics for LiTa&s measured by transmission of the
probe wave through a pinhole (red thick line). The modulateplied field is shown by the
thin blue line. a) 0.3 Hz modulation, b) 5 Hz, ¢) 10 Hz.

the surface as in the case of LiTaO

6. Conclusions

The evolution of light induced one-dimensional waveguidédsen the sustaining electric
field is switched off leads to a novel kind of dynamic light @efion. We have studied
this effect in detail using SBN and LiTaCcrystals. Simulations of the beam propagation
in the split waveguide on the base of a simple model lead to @l ggreement with the
experimental observations. In the case of SBN the spot atparcan exceed the original
waveguide width by 10 times. It is found that the control tighack reflected from the
second lateral surface is responsible for the additionalegraide widening, which leads
to this large deflection distance. In LiTg@he primary waveguide widening is due solely
to stray light and gives smaller deflection distances. Is thiaterial the strong absorption
constant leads to oblique spots after waveguide splittifgclv have been successfully
modeled. Application of a modulated electric field leadsh® modulation of the transmitted
probe light as a result of a waveguide anti-waveguide &t@n. This novel modulation
method has been demonstrated for low frequencies of theedpfield. Faster speeds are
expected by increasing the local intensity of the congllight. The use of materials with
higher photosensitivity, such as $5Ss or reduced KNb@, is also expected to lead to
faster modulation speeds in a regime that uses the conwahpbotorefractive effect, which
allows to obtain a waveguide dynamics being virtually ineleghent from the observation depth.

Acknowledgements

This work was performed in the framework of the PAI bilatepabgramGermaine de St

between France and Switzerland. We are very grateful to DKitamura (NIMS, Tsukuba,
Japan) for the LiTa@crystals. F. J., M. J. and P. G. also acknowledge partial @y the

Swiss National Science Foundation.



