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Temporal development of photorefractive solitons up to telecommunication wavelengths
in strontium-barium niobate waveguides
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We experimentally investigate the temporal development of photorefractive solitons in strontium-barium
niobate waveguides at visible and infrared wavelengths. The development times in the infrared are shown to be
comparable with those in the visible. The results are compared with predictions of a previously published
model.
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[. INTRODUCTION field E.,;, neglecting diffusion of charge carriers and photo-
voltaic fields, can be expressed 2]
Photorefractive solitons are a new and exceptional topic
of the research on photorefractive effects. They can be gen- sy 1 42U NU t
erated at low power levels aofsubmicrowatts[1] and at i 1—exp<—7—d(1+|U|2)”
I

—
wavelengths up to 1.am [2]. These are parameter regions Iz 2 5x? 1+[uf?

where other photorefractive effects, such as two-beam cou- ¢

pling [3], are rarely observed, because efficiencies and —N exp( - —(1+|U|2)) Uu=o0. )
buildup speeds decrease distinctly. This is different for pho- Tdi

torefractive solitons, making their temporal development a ) .
highly interesting subject. However, despite the enormous Here,Z=2z/kxy andX=x/x, are the normalized propaga-
amount of work published on photorefractive steady-statdion length and transverse length, respectively, wikdsethe
[4,5] and quasi-steady-state solitoi§s7], only a few publi- ~wave vector and, is an arbitrary length. WithJ = &/ Vg,
cations are devoted to time dependend¢see[8,9] and ref-  the electric field amplitud€ is normalized to the square root
erences therejn of |d=0'd/0'gh, where the dark intensitly is defined as the
Theoretical investigations of the temporal development ofjuotient of dark and specific photoconductivity. The titie
photorefractive solitons have been performed by Zozulyanormalized to the dielectric relaxation time in the dark,
and Andersoifi10,11] and by Fressengeas al.[12-14. Ex-  which is determined by crystal properties, = eqe, /eum,
perimentally, the self-focusing process, possibly convergingvith e for the elementary chargeg for the vacuum electric
into a solitary state, was investigated in the sillenitepermeability,e, for the static dielectric constant, for the
Bi,TiO5 [15,16. Most of the experiments on photorefrac- electron mobility, andn for the electron density in the dark.
tive solitons have been performed in the tungsten bronz&he factorN collects important experimental parameteXs,

strontium-barium niobatéSBN) [1,17,1§. Here, however, =2m2n%r o¢x5Eq,/\2, with n for the linear refractive index
studies on the temporal development of single-componendf the mediumry .+ for the effective electro-optic coefficient,
solitons are still missing. and \ for the light wavelength in vacuum. Obviously, the

In this contribution we investigate experimentally the influence of increasing wavelength dhcan be compensated
temporal development of photorefractive solitons in planamy using a larger external electric fiel,,,. The partial
SBN waveguides at the wavelengths 633, 1047, and 1488ifferential equation can be numerically solved to give the
nm. The influence of wavelength, external electric field, andield amplitudeU at each timet [19].
beam intensity on the quasi-steady-state is demonstrated. We Far reaching predictions on the temporal development of
compare our measurements with the predictions of the nusolitons were reached by Fressengetal. [12—-14 by as-
merical calculations of Fressengegtsal. [12—14, and con-  suming a solitary beam shape at each time. Although this
firm the experimental usefulness of their simplified ap-condition cannot be strictly fulfilled experimentally, impor-
proach. tant qualitative evaluations can be carried out with this ap-
proach. For a solitary beam, the electric field amplitude can
be expressed as

The temporal development of a light beam propagating in )
a photorefractive medium with an applied external electric U(X.Z )= ry(X,Hexpivz), 2

II. FUNDAMENTALS

E— wherey is the soliton profile normalized by
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In the Z direction a phase change is allowed by the factor
exp(vZ). The intensity ratia is determined by the quotient
of the beam peak intensity and the dark intensity Intro-
ducing this approach into the wave equati@hand integrat-
ing it using the boundary condition8), expressions to de- o
termine the soliton profiley(x) at each time are obtained
[12]. In the following, we do not investigate the complete
soliton profile, but its full width at half minimunfFWHM)
Wy

The conclusions obtained by the approach of Fressengeas
et al. will be briefly reviewed here.

(1) Following from Egs.(1) and(2), the soliton’s tempo-
ral development is determined by three parameters, namely, tz
the intensity ratia, the parameteN(\,E,y, and the dielec-
tric relaxation time in the darkzy; . 5.0

(2) Depending orN andr, some of the curvew,(t) show
a monotonic decrease of,, until the steady state is reached.
Other curves attain an absolute minimum of the beamwidth 4.0
during their temporal development before reaching steady
state. This minimum is called a quasi-steady-state soliton. « 35
Curves showing a quasi-steady-state appear for larger values
of r, where the threshold increases with lar§er13].

(3) For a constant value of, the quasi-steady-state is 25 v
reached at the same normalized tithey; for all N [13]. (b) N

(4) For constant\, the quasi-steady-state is reached ear- 2.0 0 10 20 30 40 5.0
lier for largerr [14].

(5) From the numerical calculations, the existence of a vy,
global normalized time for reaching the steady state is pos-
tulated, which is specified b/ 74;~3 [14]. At this time, all
curvesw,(t) have reached their steady state, independent orl?
the experimental parametelsandr.

As an example, we display in Fig. 1 the results obtaine
according td 12,13, using parameters similar to those in our r ,,=148+ 7 pm/V atA =633 nm, and 33=133+7 pm/V at
experiment. Shown is the normalized beamwigth'x, as a  \ =1047 nm[2].
function of the normalized timé&/ 74;. In Fig. 1(@), the pa- In the experiment, an extraordinarily polarized light beam
rametem is kept constant &= 1.3, while the intensity ratio s coupled into the waveguiding layer with the help of a
r is changed between 0.3 and 40. In Figo)1 the intensity  cylindrical and a microscope lens. The aim is to get a nearly
ratio is kept constant at=10, while the parameteN is  collimated beam to achieve an almost constant beam profile
changed from 0.7 to 3.0. Once the scaling length is choseralong thez direction. In this way, the temporal development
e.g.,Xo=10 um, N can be attributed to experimental param- along thez direction can be described by a single time con-
eters. stant. Experimentally, we use an approximately4f-wide

input beam that has an almost constant width during 6 mm of
. EXPERIMENTAL METHODS propagation inside the sample. Especially in the visible
wavelength range, this width is rather large when compared

For our experiments we ugecut Sg g;Bay 3Nb,Og Crys-  to the final soliton width in the steady state. However, we
tals, doped with 0.27 wt%3000 ppm referred to Nbof  confirmed earlier that in this case “tapered” solitons form
rhodium. The crystal dimensions,y,z are 4<2x3 mn? inside the crystal, which, after a short propagation inside the
(used at\=633 nm) and X2x6 mn? (used in the infra- crystal, reach their constant solitary profi®.
red. Herez is the light propagation direction andis the The experiment is performed by applying a suitable ex-
direction of the crystallographic axis. Barrier waveguides ternal electric field parallel to the axis of the crystal. Then
with a 4.5um-thick waveguiding layer were produced by a mechanical shutter is opened and the laser beam is
ion implantation[20]. The natural dark intensities of the launched into the waveguiding layer. A calibrated charge-
waveguides are comparatively high, 060 W/cnf at A coupled devicd CCD) camera records the intensity distribu-
=633 nm, 345200 W/cnf at A=1047 nm, and 800 tion at the crystal's end face, and the beam wiathFHWM
+600 W/cnt at A = 1488 nm. We therefore do not use addi- can be evaluated as a function of time. The camera’s sam-
tional background illumination. The values of the dark inten-pling rate of 25 Hz provides only a limited resolution. How-
sity are determined by measuring the soliton widths whileever, the use of the CCD camera helps to get rid of problems
varying the intensity ratio [2]. The electro-optic coefficients with the lateral bending of the solitons, especially of the
in the waveguiding layer have been measured before to bésible wavelengths, which is due to diffusion effe¢il].

4.5

W_/X,

3.0

FIG. 1. Normalized soliton widthw, /X, as a function of the
ormalized timet/ 74; . (@) N=1.3; r= (from left to right 40, 20,
0, 5, 2.5, 1.3, 0.6, 0.3pb) r=10; N= (from top to bottom 0.7,
(P.8, 1.0, 1.3, 1.6, 2.3, 3.0.
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FIG. 2. Temporal development of the soliton width, at \ FIG. 3. Temporal development of the soliton width at A

=633 nm. External electric fieldE,=3.25 kv/cm; steady-state =633 nm. Intensity ratio ~ 10, external electric fielé,= (from
intensity ratior = (from ato h) 0.08, 0.1, 0.3, 5.3, 10.5, 21, 42, 82. top to bOttOFf) 2,25, 275, 3,3.25, 3.5, and 4 kv/cm. The lines are
The lines are merely a guide to the eye. merely a guide to the eye.

Alternatively, in the infrared, where bending is almost ab-more pronounced. Within the limited resolution of our mea-
sent, we also use a photodiode with a small aperture to deteéurement, the minima are reached at approximately the same
the powerP . ,o;in @ small area in the center of the intensity time.

distribution, which is a measure of the beamwidth as well.  When comparing the experimental curves with the results
of the simplified numerical approach in Fig. 1, the qualitative
IV. EXPERIMENTS AND DISCUSSION agreement is obvious. Quantitatively, experimental and the-

oretical curves cover a similar parameter region determined

We start our measurements at visible wavelengths ( by w,, N, andr. For instance, comparing Fig(a and Fig.
=633 nm), keeping in a first experiment the external electri2, the experimental values of, range from 10 to 4Qum,
field Eex, and thus the parametdl; constant while chang- with N=6.4 and values of between 0.08 and 82. Witk
ing the intensity ratior. In a second experimentis kept =10 um, in the theoretical modéFig. 1(a)] we have beam-
constant, whileE,, is changed. widths w, between 30 and 6@m, N=1.3, andr changing

In Fig. 2 curvesw,(t) for a constant external electric field from 0.3 to 40. The experimental errorsririon the order of
Eex=3.25 kV/cm are shown for different intensity ratios  the error inl g) andE.,, ( due to, e.g., nonperfect silver paste
With xo=10 um, n=2.28, andr =148 pm/V this results electrodeswould allow us to choose slightly different values
in N=6.4. The steady-state beam intensity is changed bedn the numerical calculations, but we do not achieve a better
tween 8.5 W/crh and 8.7 kW/cr to give values ofr be-  overall coincidence with the experimental data thereby.
tween 0.08 and 82. The steady-state values of the beamwidth Indeed, we cannot expect full quantitative agreement with
w, show the well known behavior predicted by the soliton’sthe rigid assumptions of the numerical approach. First, the
existence curvé¢4]. The beamwidth first decreases with in- medium does not support a soliton in the initial stages of the
creasingr, attaining a minimum at~3, and then increases temporal development£0), since we start the experiment
again for larger values af. Only the curves with larger val- with broad Gaussian beams. Second, we use an extended
ues of the intensity ratio show a quasi-steady-state, i.e., amedium, while the two-dimensional theoretical approach ne-
minimum of the beamwidth during the temporal develop-glects thez dependence of the beam profile. Third, diffusion
ment. Here the minima occur earlier in time for largeas  effects are not included in the theory, but they do contribute
predicted by items2) and(4) of the conclusions obtained by to our experiments at least in the visible wavelength range.
the approach of Fressengestsal. Regarding these limitations, the quantitative coincidence is

Next, in Fig. 3 the curvew,(t) are measured for different excellent. It demonstrates that the limitation mentioned have
external electric field&,,;. From the top to the bottore,;  no decisive influence. Obviously, the first stages of the tem-
increases from 2 to 4 kV/cm, and correspondingly the paporal development do not differ much for solitary and non-
rameterN increases from 4 to 8, using the same parametersolitary self-focusing10,11]. Further, thez dependence is
as mentioned above. All curves start with an initial beammoderated by our experimental setup, using nearly colli-
width wo~40 um att=0. By changing the input power, the mated initial beams. Last, it has been shd®&f| that diffu-
output beam peak intensity for each curve is adjusted taion effects do not change the beam profile significantly.
about 1 kW/cr in the steady state, leading to a constant With the external electric field kept constant, we next per-
steady-state intensity ratio for all curvesref 10. However,  form similar experiments as in the visible with infrared light,
it is important to note that during the temporal developmenfirst at the wavelengtih =1047 nm. In Fig. 4 the temporal
the beamwidth and thus the beam intensity change, andevelopment of the reciprocal power in the beam center,
therefore also the intensity ratio may differ from the final which is proportional to the beamwidth, , is shown. We
steady-state value af~10. For smaller values oN the chose an external electric fielfly,=2.4 kV/cm. With X,
minima that characterize the quasi-steady-state are much10 um, n=2.26, andr.;;=133 pm/V we obtainN=1.5.
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FIG. 4. Temporal development of the powRfe,r in @ small ~ area in the beam’s center at=1488 nm. External electric field
area in the beam’s center at=1047 nm. External electric field Eex=8.7 kV/cm; steady-state intensity ratie- (fromatoe) 0.35,
Eeyi=2.4 kV/cm; steady-state intensity ratie= (fromatog) 0.8, 0.4, 0.45, 0.57, 0.68.

1,114,109, 26, 2.8,5.2.

mainly determined by the crystal’s dielectric relaxation time
The output steady-state beam peak intensity is changed b# the dark, 745;. Regarding the other soliton parameters,
tween 0.27 and 1.8 kW/cimDue to the larger value of the namely,r and N, in principle soliton formation should be
dark intensity at\ =1047 nm this results in values ofbe-  possible for all values of andN. However, in practice ex-
tween 0.8 and 5.2. Obviously, a similar temporal behavio€erimental limitations may occur; for instance, the values of
can be observed for=1047 nm as foi =633 nm. r should not deviate too much from=3 [2]. Here a de-

Now we perform the same experiment with available la-crease ofN with increasing wavelength can be completely
sers at the wavelengths 1310 and 1488 nm, which are agompensated by using larger external electric fields, and the
proximately equal to telecommunication wavelengths. Thdower intensity ratior because of the larger dark intensity
soliton buildup at both wavelengths follows the scheme obat longer wavelengths has to be compensated by using beam
served at the smaller wavelengths, as is demonstrated, fitensities comparable to the dark intensity.
example, in Fig. 5 fonh =1488 nm. Here we use a constant
e>.<ternal electric fieldE.,=8.7 kV/cm, leading toN=2.5 V. CONCLUSION
with Xg=10 um, n=2.26, andr.s;= 125 pm/V. The beam
peak intensity is changed between 0.28 and 0.54 k\k/cm  In conclusion, for our experimental setup, using nearly
resulting inr between 0.35 and 0.68. Because of the largegollimated initial beams in planar SBN waveguides, the tem-
dark intensity, it is not possible to reach largeralues with ~ poral development of the solitons can be qualitatively de-
our limited available laser power. However, the tendency to &cribed by the numerical model of Fressengegal. [12—
similar temporal behavior as observed for the other wavel4]. The temporal development is thus determined by the
lengths can be recognized. intensity ratior, the parameteN(E.,,\), and the dielectric

When comparing all measurements, we can indeed fingelaxation time in the darksy;. Infrared solitons show a
something like a maximum time when all curveg(t) have  temporal behavior similar that of solitons in the visible; in
finally reached their steady state. Depending on the choseparticular, the buildup times are approximately the same: In
convergence range we find that in the 0.27 wt% rhodiumthe 0.27 wt % rhodium-doped crystals affes at thelatest a
doped waveguides it never takes longer than ailhauntil a  steady state is reached, independent of the chosen external
steady state is reached. For other dopings, the observed glelectric field, the beam intensity, and the wavelength.
bal steady-state times can be distinctly differE2@®]. Thus
these buildup times can be a rough but easy measure for the
dielectric relaxation time in the dark. This parameter is rather
difficult to measure in a thin waveguiding layer with stan-  The support of the Deutsche Forschungsgemeinschaft, the
dard or holographic techniques. state of Niedersachsérant No. GRK 695 and the Volks-

To summarize the influence of larger wavelengths on soliwagen FoundatiofGrant No. ZN 1154 is gratefully ac-
ton development, the time to reach the global steady state inowledged.
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