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We demonstrate self-trapping of one-dimensional and two-dimensional optical beams in a photorefractive
KNbO3 crystal. We study the waveguides induced by the self-trapped beams for prospective applications
of tunable nonlinear frequency conversion in soliton-induced waveguides.  1997 Optical Society of America
Since their early prediction1 and first observation,2

spatial solitons in photorefractive media have become
an area of growing interest. Apart from the basic
interest in new fundamental aspects related to pho-
torefractive solitons [including, e.g., three-dimensional
(3D) interactions and spiraling of two two-dimensional
(2D) solitons behaving like a two-body system,3 soliton
fusion,4 birth of new soliton states,5 and self-trapping
of spatially incoherent6 and of white-light beams7], the
fact that solitons induce waveguides8,9 brings about
several interesting applications.

Waveguides induced by photorefractive solitons
are of particular interest for several reasons. First,
photorefractive media support self-trapping in both
transverse dimensions,2,10 which, in turn, induce 2D
waveguides.11 Second, photorefractive solitons form
at microwatt (and lower) optical power levels.12 Third,
the photorefractive response is wavelength sensitive;
therefore a weak soliton beam can guide an intense
beam at a less-photosensitive wavelength.11,12 Finally,
most photorefractive media are noncentrosymmetric
crystals, and as such they have large xs2d nonlineari-
ties. This suggests a unique application of waveguides
induced by photorefractive solitons: tunable efficient
nonlinear frequency conversion in a soliton-induced
waveguide. Since the conversion eff iciency of second-
harmonic generation (SHG) and other x s2d parametric
processes always scales with the optical intensity of the
pump beam, it is desirable to confine the interacting
beams in a waveguide structure. In this case phase
matching is required among the propagation constants
of the interacting guided modes of the waveguides
(rather than among the wave vectors, as in a bulk
medium). Phase matching can be obtained by either
birefringence or periodic poling (quasi-phase match-
ing). In either case, once a waveguide is fabricated,
very little wavelength tuning is possible for SHG (by
varying either angle or temperature),13 because the
structure is f ixed (parametric amplif iers allow more
tunability because one has the freedom of varying
both pump and idler wavelengths). Since both angle
and temperature have a rather limited tunability
range for SHG in waveguides, structures with several
(laterally parallel to one another) periods of poling
have been fabricated,14 giving rise to extended tuning.
Obviously, it is highly desirable to have waveguide
structures in which either the phase matching (via
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periodic poling or varying the crystalline orientations)
or the waveguide properties (propagation constants)
are tunable. Waveguides induced by photorefractive
solitons15 offer just that: a large degree of tuning
of all the waveguide parameters. First, since the
waveguide structure is induced by the soliton, one can
vary the launch angle of the soliton (with respect to
the crystalline axes), thus expanding the accessible
tuning range in the induced waveguide to close to that
obtained in a bulk crystal.16 In addition, as we have
shown recently,15 waveguides induced by screening
solitons are highly controllable by electro-optic means
(no mechanical movements are needed), simply by
tuning the soliton along its existence curve.

In this Letter we study self-trapping of one-
dimensional (1D) and 2D optical beams and their
induced waveguides in photorefractive KNbO3 for
prospective applications of tunable nonlinear fre-
quency conversion in soliton-induced waveguides.
Our choice of KNbO3 is rather obvious: this material
is highly photorefractive17 and at the same time is
phase matchable for SHG and other x s2d parametric
processes using birefringence. Furthermore, KNbO3
can be periodically poled,18 thus expanding the ac-
cessible wavelength range for SHG with quasi-phase
matching.19

We used a 5 mm 3 6 mm 3 4.5 mm (along the a, b,
and c crystalline axes, respectively) Fe-doped KNbO3
crystal. Using interferometric techniques, we mea-
sured the relevant electro-optic coefficients r33 ­ 70,
r13 ­ 37, and r23 ­ 7 (all in picometers/volt) at the
488-nm wavelength (at 632.8 nm these values are al-
most unchanged). Our experimental setup is similar
to that of Refs. 10 and 11. We use a 488-nm laser
beam to generate the soliton and test the guiding
properties of the induced waveguide with a 632.8-nm
probe beam, to which the crystal is much less pho-
tosensitive. The optical beams always propagate a
distance of 5 mm along the a axis, and the soliton is
polarized along c, whereas we test the optical guidance
of both b and c polarizations of the probe beam. The
external field is always applied along the c direction.
This means that for the soliton we employ r33, whereas
for the probe beam we employ either r33 or r23.20 In
this Letter we study steady-state screening solitons
only.3– 5,10,11,15,21 – 24 In all our experiments we use a
uniform 488-nm b-polarized beam as background
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illumination to increase artificially and fine tune the
dark irradiance, as was done in previous screening
soliton experiments.3 – 5,10,11,15,23,24

First we generate 1D solitons and investigate the
induced 1D waveguides. Using a cylindrical lens, we
launch a 488-nm 1D beam that is narrow in the c direc-
tion and uniform in the b direction. Our results are
presented in Fig. 1. Figure 1(a) shows photographs
and beam profiles of the input 17-mm-wide (FWHM)
1D beam (top), the diffracted 37-mm beam at zero volt-
age (middle), and the output soliton 17-mm-wide beam
(bottom). The soliton forms at V ­ 4500 V applied be-
tween electrodes separated by l ­ 4.5 mm. The ratio
between the peak intensity of the soliton and the in-
tensity of the background beam is 8. We emphasize
that, as shown for all screening solitons, the parame-
ters must lie on the soliton existence curve (or very
close to it), and more than 10–20% deviations from this
curve lead to both transverse and longitudinal insta-
bilities (the 1D beam breaks up into multiple f ilaments,
as observed in Refs. 24 and several other places) that
are especially noticeable if the nonlinearity is too high.
With the proper parameters, however, the 1D soliton
is stable despite the fact that it propagates in a 3D
bulk medium, and no transverse instability is observed,
as shown in Fig. 1. We now investigate the guiding
properties of the 1D waveguide included by the soliton,
by launching a 1D c-polarized 632.8-nm probe beam.
The results are shown in Fig. 1(b). The top photo-
graph and beam profile show the 17-mm-wide (FWHM)
input, which diffracts to 47 mm and becomes heavily
distorted in the absence of the soliton (zero voltage) or
is guided to 16 mm in the soliton-induced waveguide
when the soliton is on, as shown in the middle and bot-
tom parts (respectively) of Fig. 1(b). Notice that, at
zero voltage, the diffraction of the probe beam is larger
than that of the 488-nm beam owing to the longer wave-
length of the probe. The confinement of the guided
probe beam is tight, and its intensity profile is as
narrow as that of the soliton. Finally, we rotate the
polarization of the probe beam to b polarization.
The results are shown in Fig. 1(c). Although the in-
Fig. 1. Photographs and beam profiles of (a) a c-polarized 488-nm 1D soliton-forming beam, (b) a c-polarized 632.8-nm
1D probe beam, and (c) a b-polarized 632.8-nm 1D probe beam. The top photographs and beam profiles show the input
beam, the middle photographs and profiles show the diffracted beams at zero voltage, and the bottom photographs and
profiles show the soliton and the probe beams guided in the soliton-induced waveguide.
put and the diffracted beams are almost identical
to those of the c-polarized probe (the diffracted c-
polarized probe exhibits somewhat larger distortions),
the waveguiding effect is considerably smaller for the
b polarization and the FWHM of the guided probe is
27 mm. This is because the effective waveguide is
supported by the r23 electro-optic coeff icient, which
is 10 times smaller than r33, implying that the maxi-
mum change in the refractive index is 10 times smaller
for the b polarization.

Next we study self-trapping of 2D beams and their
induced 2D waveguides. We launch a circular, 16-mm-
wide (FWHM), c-polarized, 488-nm beam with a
spherical lens and attempt to generate 2D solitons,
as was done in strontium barium niobate (SBN)
crystals.3,4,10,11 The intensity ratio (between the input
peak intensity and that of the background illumi-
nation) is 8. Our results are presented in Fig. 2(a),
in which the photographs and both horizontal and
vertical beam profiles are shown for the input (top), the
diffracted output at zero voltage (middle), and the self-
trapped output beam at V ­ 4500 V and l ­ 4.5 mm
(bottom) cases. It is obvious that, although the 2D
beam clearly exhibits strong self-trapping effects,
the self-trapped beam is elliptical: 23 mm 3 13 mm
(in the b and c directions, respectively). This is in
contrast to SBN, for which we and other groups have
reported circular 2D solitons that were obtained for all
intensity ratios above unity.2 – 5,10,11 Finally, we study
the waveguiding effects on a c-polarized probe beam
and show the results in Fig. 2(b). At zero voltage (no
soliton), the 12-mm (FWHM) circular input beam (top)
diffracts and becomes heavily distorted after 5 mm
(middle). On the other hand, when the soliton is on,
the probe beam is guided by the induced elliptical 2D
waveguide to a 33 mm 3 13 mm beam. The wave-
guiding effects are very strong (high confinement) as
compared with those of the diffracted beam.

To summarize, we have demonstrated 1D and 2D
self-trapping effects in photorefractive KNbO3 and 1D
and 2D induced waveguides.25 Our results suggest
that eff icient frequency conversion in a f lexible soliton-
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Fig. 2. Photographs and beam profiles (cross sections) of (a) a c-polarized 488-nm 2D soliton-forming beam and (b)
a c-polarized 632.8-nm 2D probe beam. The top photographs and cross sections show the input beams, the middle
photographs and profiles show the diffracted beams at zero voltage, and the bottom photographs and profiles show the
elliptical self-trapped 2D beam and the probe beam guided in the 2D induced waveguide.
induced waveguide is indeed feasible in a medium that
(i) supports photorefractive solitons, (ii) has large x s2d

effects, and (iii) is phase matchable by use of birefrin-
gence. We have shown that both c- and b-polarized
beams can be guided in a soliton-induced waveguide.
The present results, combined with our earlier stud-
ies on the tunability of the propagation constants of
the guided modes in photorefractive soliton-induced
waveguides in other materials15 and on the f lexibility
of generating photorefractive solitons in directions that
deviate considerably from principal crystalline axes,16

suggest that the realization of highly tunable, eff icient,
nonlinear frequency-conversion devices is within reach.

This research was supported by the U.S. Army
Research Off ice and the National Science Foundation.

References

1. M. Segev, B. Crosignani, A. Yariv, and B. Fischer, Phys.
Rev. Lett. 68, 923 (1992).

2. G. Duree, J. L. Shultz, G. Salamo, M. Segev, A.
Yariv, B. Crosignani, P. DiPorto, E. Sharp, and R. R.
Neurgaonkar, Phys. Rev. Lett. 71, 533 (1993).

3. M. Shih, M. Segev, and G. Salamo, Phys. Rev. Lett. 78,
2551 (1997).

4. M. Shih and M. Segev, Opt. Lett. 21, 1538 (1996); H.
Meng, G. Salamo, M. Shih, and M. Segev, Opt. Lett. 22,
448 (1997).

5. W. Krolikowski and S. A. Holmstrom, Opt. Lett. 22,
369 (1997).

6. M. Mitchell, Z. Chen, M. Shih, and M. Segev, Phys. Rev.
Lett. 77, 490 (1996).

7. M. Mitchell and M. Segev, Nature (London) 387, 880
(1997).

8. R. De La Fuente, A. Barthelemy, and C. Froehly, Opt.
Lett. 16, 793 (1991).

9. A. W. Snyder, D. J. Mitchell, and Y. S. Kivshar, Mod.
Phys. Lett. B 9, 1479 (1995).

10. M. Shih, M. Segev, G. C. Valley, G. Salamo, B.
Crosignani, and P. DiPorto, Electron. Lett. 31, 826
(1995); M. Shih, P. Leach, M. Segev, M. H. Garrett,
G. Salamo, and G. C. Valley, Opt. Lett. 21, 324 (1996).
11. M. Shih, M. Segev, and G. Salamo, Opt. Lett. 21, 931
(1996).

12. M. Mortin, G. Duree, G. Salamo, and M. Segev, Opt.
Lett. 20, 2066 (1995).

13. M. M. Fejer, G. A. Magel, D. H. Jundt, and R. L. Byer,
IEEE J. Quantum Electron. 28, 2631 (1992).

14. See, e.g., L. E. Myres, R. C. Eckardt, M. M. Fejer, R. L.
Byer, and W. R. Bosenberg, Opt. Lett. 21, 591 (1996).

15. M. Shih, Z. Chen, M. Mitchell, M. Segev, H. Lee,
R. S. Feigelson, and J. P. Wilde, ‘‘Waveguides induced
by photorefractive screening solitons,’’ J. Opt. Soc. Am.
B (to be published).

16. For example, in SBN crystals we have found experi-
mentally that a s2 1 1d D soliton can be launched (with
the parameters of Ref. 10) in a direction that deviates
by as much as 68± from the crystalline a axis.

17. P. Gunter, Opt. Commun. 11, 285 (1974).
18. R. S. Cudney, P. Bernasconi, M. Zgonik, J. Fousek, and

P. Gunter, Appl. Phys. Lett. 70, 1339 (1997).
19. As shown in I. Biaggio, L. Kerkoc, L. S. Wu, P. Gunter,

and B. Zysset, J. Opt. Soc. Am. B 9, 507 (1992), for
wavelengths below 857 nm no conf iguration for bire-
fringence phase matching exists at room temperature.

20. Unfortunately, one of the b surfaces of our crystal
is damaged, so we cannot investigate all possible
alternatives in this normal-cut crystal.

21. M. Segev, G. C. Valley, B. Crosignani, P. DiPorto, and
A. Yariv, Phys. Rev. Lett. 73, 3211 (1994); M. Segev,
M. Shih, and G. C. Valley, J. Opt. Soc. Am. B 13, 706
(1996).

22. D. N. Christodoulides and M. I. Carvalho, J. Opt. Soc.
Am. B 12, 1628 (1995).

23. M. D. Iturbe-Castillo, P. A. Marquez-Aguilar, J. J.
Sanchez-Mondragon, S. Stepanov, and V. Vysloukh,
Appl. Phys. Lett. 64, 408 (1994).

24. K. Kos, H. Ming, G. Salamo, M. Shih, M. Segev, and
G. C. Valley, Phys. Rev. E 53, R4330 (1996).

25. It has been brought to our attention that self-focusing
effects (that may eventually lead to solitons) in photore-
fractive KNbO3 have also been (independently) demon-
strated by R. Ryf, G. Montemezzani, M. Wiki, and P.
Gunter in a paper QThG22 presented at the Quantum
Electronics and Laser Science Conference, Baltimore,
Md., May 18–23, 1997.


