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Anisotropic charge displacement supporting isolated
photorefractive optical needles
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Strong asymmetry in the charge distribution supporting a single noninteracting spatial needle soliton in a
paraelectric photorefractive is directly observed by means of electroholographic readout. Whereas in trapping
conditions a quasi-circular wave is supported, the underlying double-dipolar structure can be made to support
two distinct propagation modes. © 2001 Optical Society of America

OCIS codes: 190.5330, 230.2090.
Far from being a peculiarity of low-dimensional
systems, solitary waves and solitons have been
widely documented in bulk three-dimensional envi-
ronments.1,2 In biased photorefractives, nonlinear
visible optical waves have been shown to undergo
self-trapping both as extended one-dimensional waves,
in the form of slab solitons,3 and as confined two-
dimensional spatial beams, or needle solitons.4

Needle solitons are self-funneled micrometer-sized
beams of light that propagate through the bulk di-
electric without suffering diffraction or distortion.
Needles, in their richer higher-dimensional envi-
ronment, have led to a substantial advance in our
phenomenological investigation of nonlinear dynam-
ics, expanding the scope of possible soliton-based
applications.

Whereas both slabs and needles emerge from
the same physical system, a biased photorefractive
sample, their underlying nonlinear nature is rather
different.5 For slabs, the entire physical system, and
thus, consequently, the optical nonlinearity, depends
on only the transverse beam direction along which the
external field is applied (say the x direction), whereas
the system is fully invariant for spatial translations
in the second orthogonal transverse direction, y.
This reduces slab-soliton description to that associ-
ated with a saturated Kerr-like nonlinearity.6 For
needles, however, the higher dimensionality of the
optical beam, whose quasi-circular symmetry suggests
an isotropic self-action,4 is inherently at odds with
the screening nonlinearity, whose one basic driving
mechanism is the x-directed external bias f ield. A
simplified description of needles, tracing the steps
that lead to a local Kerr-like understanding of slabs,
is simply not possible.7,8 Given the complexity of
the higher-dimensional interaction, the theoretical
interpretation of needles is largely based on numerical
integration. What emerges is a picture in which
nonlocal nonlinear effects,9 as opposed to local con-
ventional paradigm Kerr-like phenomenology, play
a central role. An understanding of these effects
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requires an explicit distinction between the underlying
space-charge field distribution Esc, which mediates
self-action, and the propagating light field, Eopt. The
space-charge distribution simply does not have a local
relationship to the optical f ield.7 Numerica simu-
lation indicate that the highly anisotropic screening
configuration allows the formation of needles only
through an equally anisotropic local space charge,
characterized by the appearance of two distinct lateral
field lobes in the x direction, that are absent in the
second transverse direction, y.5,9 This double-dipo-
lar field distribution induces, as a consequence, a
complicated needle-supporting index pattern that has
little to do with a mere self-written graded-index
waveguide. For system parameters far from the
soliton-supporting configuration, this anisotropy leads
to an observable asymmetric beam distortion,10,11 but
the question naturally arises as to how these lobes
manifest their existence when the optical beam is
actually a needlelike solitary wave.

Repulsion of mutually incoherent needles provides
indirect evidence of the lobelike charge distri-
bution.12 However, to our knowledge no direct
experimental evidence of charge anisotropy has yet
been reported. The main reason lies in the fact that
photorefractive solitons are generally observed in
ferroelectric samples. In these crystals there is no
direct way of isolating the contribution of charge dis-
placement from the final guiding structure. Readout
with nonphotorefractively active light does not lead to
a substantial increase in knowledge of the underlying
charge pattern, unless one performs precise bulk inter-
ferograms or far-field soliton transforms.9,13 Direct
investigation of the space-charge residue with a probe
is further hampered by the fact that the lobes are
actually antiguiding.5,9

In this Letter we give direct evidence of this nonlocal
field structure. This is made possible by the quadratic
electro-optic response of paraelectrics, which allows the
electroholographic separation of optical phenomenol-
ogy from the underlying space-charge field.14
© 2001 Optical Society of America
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Experiments are carried out in a sample of pho-
torefractive 3.7x 3 4.7y 3 2.4z mm potassium lithium
tantalate niobate,15 biased along the x axis (of size
L � 3.7 mm) and kept at a constant temperature
T � 20 ±C. The x-polarized cw TEM00 l � 532 nm
beam from a diode-pumped double Nd:YAG laser is
focused on the input facet of the sample and launched
along the z axis. As the beam propagates in the
sample, it is diffracted, passing from an initial in-
tensity I � jEoptj

2 FWHM in the x and y directions,
Dx� Dy � 10 mm, to a broadened intensity distribu-
tion, Dx � Dy �20 mm [see Figs. 1(a) and 1(b)]. The
application of the external constant bias V to the
x electrodes makes photoexcited free charges drift,
leading to inhomogeneous field screening. The elec-
tro-optic response of the paraelectric sample is Dn �
2�1�2�n3g11e0

2�er 2 1�2�V�L�2�E��V�L��2 � 2Dn0E
2,

where n� 2.4 is the zero-field index of refraction,
g11 � gxxxx � 0.12 m4 C22 is the dominant component
of the quadratic electro-optic tensor gijkl (and thus
tensorial effects are neglected), e0 is the vacuum
dielectric constant, er �9 3 103 (at T � 20 ±C) is the
relative sample’s low-frequency dielectric constant,
E is the x component of the electric f ield resulting
from screening, Dn0 � 2.8 3 1024, and E � E��V�L�.
The spatially modulated index distribution allows
needle formation [see Fig. 1(c)]. The needle, which
allows a slight anisotropy in the output intensity
distribution, is trapped and stable in time for an
external bias voltage of V � 0.85 kV and a ratio of
peak intensity Ip to the dark artif icial illumination
Ib (obtained by illumination of the sample with a
copropagating y-polarized plane wave of equal wave-
length) of u0

2 � Ip�Ib � 2.6. Annulling the externally
applied voltage V , i.e., setting V � 0, gives an index
modulation, DnV�0 � 2Dn0Esc

2, that is due only to the
charge displacement, where evidently Esc � E 2 1.
The resulting index pattern has a guiding structure
for regions in which Esc passes through a minimum.
Given that the lobes represent an excess of screening
in the x direction,5,9 there are two points, i.e., x1 and
x2, along the x axis, located to the left and right of
the needle peak, respectively, in which DnV�0 forms
a guiding hump. Along the y axis, this hump will
follow the shape of the lobe.

To investigate DnV�0 without modifying the
space-charge distribution, we launch into the sample
the same beam that leads to the needle but attenuated
to have a much lower intensity. This attenuation
guarantees that the characteristic time scale of charge
displacement induced by the probe, td, is much longer
than any characteristic observation time. For typical
microwatt-intensity beams, td � 1 min.

The results, shown in Fig. 1(d), clearly indicate
an anisotropic lobe structure in the form of a
split diffraction pattern in the x direction. The
slight asymmetry in the diffraction pattern is a
consequence of needle self-bending, which inevitably
distorts the diffractive readout phase. In this study
we have also observed a similar phenomenology for
transient quasi-steady-state needles, where Ib � 0,
blocking beam evolution in the trapped regime, i.e.,
before the needle has decayed.
The two light lobes constitute direct proof that
the nonlinearity that supports needle trapping in
biased photorefractives is not the saturated Kerr-like
electro-optic response, Dn ~ 1��1 1 I�Ib�2, that allows
slab formation. More precisely, whereas the lobes
are not present in the slab case (and are not merely
negligible), they play a fundamental role in needle
trapping.16 Although needles have been documented
in various conditions, it is legitimate to ask whether
the nonlocal space-charge f ield structure, and thus
the index modulation, can actually support circular-
symmetric solitary waves, given that the most general
manifestation is strong transient oscillatory behav-
ior.8 The mathematical answer is no.17 However, the
anisotroic space-charge structure can support waves
that are for all practical purposes circular symmetric
and nonoscillating. For the conditions investigated
experimentally, we find the space-charge distribution
by solving the simplif ied associated electrostatic
problem, i.e., = ? ��I 1 Ib�E 1 �KbT�q�=I � � 0,7 where
E is the internal electric field vector, starting from
the experimental input Gaussian intensity distri-
bution. The resulting index pattern is shown in
Fig. 2(a). Propagating the same field distribution
Eopt [whose intensity I is shown in Fig. 2(b)] into
this pattern gives the results shown in Figs. 2(c) and
2(d). The intensity pattern does not suffer discernible
distortion, apart from a small constant oscillation
(see the caption of Fig. 2). This lack of distortion
means that the exact nonlinear behavior, restricted
to our experimental configuration, is well described
by this approximate linear approach, and thus we can

Fig. 1. Electroholography of a single photorefractive nee-
dle: (a) Image and profiles of input transverse intensity
distribution, (b) linear diffraction with nonlinear charge
separation turned off �V � 0�, (c) self-trapping distribution
for V � 0.85 kV, (d) readout for V � 0.
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Fig. 2. Self-consistency of needle solitons trapped in
an anisotropic nonlinear index pattern: (a) anisotropic
index pattern, (b) input intensity distribution, (c), (d) in-
tensity after (c) 4.5- and (d) 25-mm (i.e., �18 diffraction
lengths) propagation, respectively, for the experimental
situation described above. Throughout propagation the
asymmetric oscillatory behavior was stable, such that
jDx�Dy 2 1j , 1%.

Fig. 3. Double-hump guiding structure: (a) Two dif-
ferent input beams, shifted by approximately 610 mm,
(b), (c) guided beam in the two humps, (d) linear diffraction
of the unshifted beam.

conclude that quasi-circular needles can be supported
by the anisotropic pattern.18

One basic consequence of these findings is that
the anisotropy underlying a photorefractive needle
leads not to one but to three spatially separated
index structures that can be made to alternatively
guide light, depending on the applied external voltage
in the readout phase. This consequence would not
have been possible had the nonlinear response been
local, as in the one-dimensional case.14 The electro-
holographic readout would have implied a transition
from a localized single-mode structure (the needle)
to a delocalized doughnutlike guiding pattern. To
demonstrate this transition we investigate the guiding
capabilities at V � 0. We were able to show the two
guided modes launching, in sequence, the probe beam
into one of the two lateral guiding humps of the DnV�0
pattern, i.e., in x1 and x2. The results are shown in
Fig. 3. We did not observe any directional coupling
between the modes, which was clearly a consequence
both of the distances between the humps, the probe
wavelength, and the propagation length and of the
presence of the antiguiding central pattern.
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