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Observation of elliptic incoherent spatial solitons
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We present the first experimental observation of spatially incoherent elliptic solitons. We use partially spa-
tially incoherent light with anisotropic correlation statistics and observe elliptic solitons supported by the
photorefractive screening nonlinearity. © 2004 Optical Society of America
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Optical spatial solitons, which are self-trapped beams
that exhibit particlelike behavior, have been the topic
of extensive investigation for more than 30 years.1

Self-trapping of coherent optical beams occurs when
linear diffraction is exactly balanced by self-focusing
as a result of optical nonlinearity. When the non-
linearity is saturable, it can support solitons that
are trapped in both transverse dimensions, forming
�2 1 1�D solitons.2 Such solitons are generically cir-
cularly symmetric in all (saturable) nonlinear media
for which the nonlinearity is isotropic with respect to
the transverse directions. Indeed, �2 1 1�D solitons
with circular (axially symmetric) wave functions have
been observed in a variety of saturable nonlinear
media (see, e.g., Refs. 3–7). These solitons are gen-
erally very robust entities; hence they form and attain
their circular shape even if the input beam is slightly
elliptic.8 If, however, a highly elliptic coherent beam
is launched into a saturable self-focusing medium,
it cannot form a soliton; that is, its propagation dy-
namics is never stationary. Instead, such a coherent
elliptic beam develops periodic oscillations in its two
different widths, with different oscillation periods, as
was shown theoretically9,10 and experimentally.11 The
reason behind such oscillatory propagation dynamics
associated with coherent elliptic beams in isotropic
(and saturable) self-focusing media is as follows: To
support a soliton, the nonlinearity must exactly bal-
ance the diffraction of a beam. The strength of the
nonlinearity is set by the peak intensity of the beam.
Hence, for a circular beam, the beam’s intensity
determines the width of the soliton that the beam can
form or, equivalently, the diffraction angle that this
change in nonlinear index can balance. This implies
that only beams that diffract in an axially symmetric
fashion can form solitons in isotropic nonlinear me-
dia. On the other hand, elliptic beams have elliptic
plane-wave spectra, and consequently they diffract at
different angles in their transverse directions (expe-
riencing more broadening in their narrow direction).
Thus coherent elliptic beams cannot form solitons in
isotropic nonlinear media because such nonlinearities
cannot compensate for two different diffraction angles
simultaneously.

Whereas diffraction of monochromatic coherent
beams is determined solely by the beam width, diffrac-
0146-9592/04/111248-03$15.00/0
tion of incoherent beams offers an additional degree
of freedom. That is, the diffraction of a partially
spatially incoherent beam is determined by both its
correlation statistics (manifested in its f inite spatial
correlation distance) and its width (in wavelength
units). One can therefore engineer the properties of
partially incoherent light such that spatially incoher-
ent elliptic beams have isotropic plane-wave (power)
spectra; i.e., the far f ield of such a beam is circular.
Consequently, based on the experimental and theo-
retical knowledge of incoherent solitons accumulated
in the past seven years12 – 18 it is possible to generate
elliptic incoherent solitons19– 22 by launching properly
designed elliptic beams with anisotropic coherence
properties into an isotropic noninstantaneous nonlin-
ear medium.

Here we present the first experimental obser-
vation of elliptic incoherent spatial solitons. We
show that when the correlation function of such
an elliptic beam is appropriately made anisotropic,
the beam has a circular far field, as opposed to its
coherent counterpart that has an elliptic far field.
Consequently, such an elliptic partially spatially
incoherent beam can self-trap in a noninstanta-
neous, saturable, nonlinear medium and form an
elliptic soliton. Our elliptic solitons are supported
by the photorefractive screening nonlinearity.5,8,23 – 25

We also demonstrate that the self-trapping effects
underlying the elliptic solitons do not arise from
the residual anisotropy associated with screening
nonlinearity.

The main challenge in our experiment is to engineer
a partially spatially incoherent elliptic beam with a
circular spatial spectrum (far field). Our technique
involves two steps. In the f irst step we create a spa-
tially incoherent beam with a highly eccentric elliptic
profile but with isotropic correlation statistics, that is,
an elliptic beam that is composed of randomly varying
circular speckles. In the second step we demagnify
the beam with a different demagnif ication in each of
the ellipse’s axes, thus creating a less-eccentric elliptic
profile but with anisotropic correlation statistics.
The outcome is an elliptic beam made from elliptic
speckles, with the major axis of the speckles parallel
to the minor axis of the beam. That is, the elliptic
beam is more coherent in its narrow (near-field)
© 2004 Optical Society of America
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axis and less coherent in its long axis. When it is
properly designed, such an elliptic spatially incoher-
ent beam can have a circular far-field diffraction
pattern.

The experimental setup is shown in Fig. 1. A
488-nm cw argon-laser beam is split by a polarizing
beam splitter. The ordinarily polarized beam is
expanded and used as the background beam as neces-
sary for photorefractive screening nonlinearity.5 The
extraordinarily polarized beam is made elliptical and
highly eccentric [by means of two cylindrical lenses
with foci f1�x� � 10 cm and f2�y� � 3 cm] and is incident
in this form onto a rotating diffuser located at the
focal plane of both cylindrical lenses. When this
beam passes through the rotating diffuser, it becomes
partially spatially incoherent.12 The rotating diffuser
is mounted on a sliding track that enables us to
alternate between a spatially coherent and a partially
spatially incoherent state without changing the elliptic
shape of the beam. At this stage the elliptic beam has
isotropic correlation statistics, as it is constructed from
circular speckles. Then, we demagnify this elliptic
beam in a telescopic imaging system with different
demagnifications in the transverse directions (0.8
and 0.5 in the y and x directions, respectively). We
do so by means of two pairs of different cylindrical
lenses �f3� y� � 25 cm, f5� y� � 20 cm, f4�x� � 30 cm,
f6�x� � 15 cm], with the diffuser located at the front
focal planes of f3 and f4 (Fig. 1). Notice that the
sum of the focal lengths in x is equal to that in y,
i.e., f3� y� 1 f5�y� � f4�x� 1 f6�x� � 45 cm, to produce a
common beam waist at the same plane (which will
serve as the input plane to the nonlinear medium).
The end result is a beam with an elliptic intensity
profile but with anisotropic correlation statistics such
that the beam is more coherent in the direction of
its narrow (near-field) width. The beam is then
recombined with the background beam, and both are
sent through a photorefractive Sr0.6Ba0.4Nb2O6 (SBN)
crystal. Self-focusing occurs with the application
of an appropriate field (magnitude and polarity),
which gives rise to a space-charge field with a large
component along the c axis, to create the index change
required for self-trapping. We monitor the intensity
distribution of the extraordinary polarized beam at
the input and output faces of the crystal with a CCD
camera.

As a first step we measure the free-space diffrac-
tion (FWHM; Fig. 2). We find that the coherent
elliptic beam (with the diffuser removed) of widths
Dx � 29 mm and Dy � 17 mm [Fig. 2(a)] diffracts,
after 5 mm of propagation in free space, to an elliptic
shape rotated by 90±, with widths Dx � 46 mm and
Dy � 73 mm [Fig. 2(b)]. Inserting the diffuser, thus
making the beam partially spatially incoherent (as
described above), caused the linear free-space diffrac-
tion pattern to become circular [Fig. 2(c)], with widths
Dx � 90 mm and Dy � 83 mm. We estimate the spa-
tial correlation distance of our incoherent elliptic beam
from its far-field diffraction by using the convenient
formula in Ref. 20, which assumes a Gaussian correla-
tion function. We find the correlation distances along
the transverse axes to be lcy � 25 mm and lcx � 16 mm.
We next insert the 6-mm-long crystal into the setup
and launch the elliptic beam into it such that the long
(major) axis of the ellipse is parallel to the direction
of the applied field. Figure 3 shows the self-trapping
results. The input beam [Fig. 3(a)] is Dx � 29 mm,
Dy � 17 mm. The elliptic soliton forms at 1.1 kV�cm,
as shown by the self-trapped output beam with widths
Dx � 28 mm and Dy � 17 mm [Fig. 3(b)]. For com-
parison, Fig. 3(c) shows the linearly diffracted output
beam of Dx � 44 mm and Dy � 42 mm, which is almost
ideally circular (as in free space). At this point it is
essential to show that the elliptic incoherent solitons
do not arise from the residual anisotropy associated
with the screening nonlinearity. In some photorefrac-
tive crystals (e.g., Bi12TiO20, Bi12SO20, and Bi12GeO20,
the anisotropy is fairly large,26 but in SBN, which
is the most commonly used material for generating
photorefractive screening solitons, the anisotropy is
small.8,27 Nevertheless, it is important to conf irm
that indeed the elliptic incoherent solitons do not arise
from the residual anisotropy. To show this, we rotate
the beam by 90±, such that the applied f ield becomes
parallel to the short (minor) axis of the elliptic input
beam. Repeating the self-trapping experiment, we
achieve similar results [Figs. 3(d)–3(f ); the transverse
coordinates were chosen such that x was always
parallel to the major axis of the elliptic input beam].
The elliptic input beam [Fig. 3(d)] of Dx � 32 mm,

Fig. 1. Experimental setup. Note that each cylindrical
lens has a superscript that signif ies its focusing direc-
tion; e.g. cylindrical lens f1�x� has focal length f1 in the
x direction.

Fig. 2. Free-space diffraction of an elliptic beam. A
coherent elliptic beam with input intensity structure
(a) exhibits an elliptic far field rotated by 90± after
5-mm free-space diffraction (b). An elliptic incoherent
beam with anisotropic correlation statistics and the input
intensity structure of (a) exhibits a circular far field after
propagating the same distance (c).
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Fig. 3. Propagation of the elliptic incoherent beam with
anisotropic correlation statistics in a 6-mm-long non-
linear crystal. Photographs of the input and output
beams are shown. Input beam (a) forms an elliptic soli-
ton (b) at 1.1 kV�cm. For comparison, if the nonlinearity
is set to zero, the same input beam exhibits an almost
ideally circular diffraction (c). In (d)–(f ) the experiment
of (a)–(c) is repeated but with the beam rotated by 90±

with respect to the applied f ield, proving that the elliptic
incoherent solitons do not arise from the small residual
anisotropy associated with the screening nonlinearity.
The directions of the applied field in (b) and (e) are
indicated by arrows.

Dy � 16 mm self-trapped (at 2.76 kV�cm) into an
elliptic soliton Dx � 28 mm, Dy � 14 mm [Fig. 3(e)],
whereas when the nonlinearity was set to zero the
beam displayed nearly circular diffraction [Fig. 3(f )],
with Dx � 44 mm and Dy � 42 mm, in spite of its el-
liptical (near-field) shape. The fact that we were able
to generate highly eccentric elliptic solitons at both
orientations, parallel to the applied f ield direction and
perpendicular to it, proves that the main self-trapping
effects that underlie the elliptic solitons do not arise
from the small residual anisotropy associated with the
screening nonlinearity.

In conclusion, we have demonstrated experimentally
the formation of elliptic incoherent spatial solitons.
We have shown that, when the correlation func-
tion of such an elliptic beam is appropriately made
anisotropic, the beam has a circular far f ield and thus
can be self-trapped in a noninstantaneous saturable
nonlinearity and form an elliptic soliton.
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