
Abstract. The propagation of intensity-modulated laser
radiation in a barium ë sodium niobate crystal is studied in an
external electric éeld. The possibility of controlling a
nonlinear local response of the crystal is demonstrated. It
is shown experimentally that the conditions of formation of a
one-dimensional spatial soliton can be changed by varying the
nonlinear response of the crystal.

Keywords: photorefractive crystal, spatial soliton, self-action of
light.

Various manifestations of the self-action of light in
photorefractive media (self-focusing, self-defocusing, self-
bending [1], self-modulation, and the soliton regime) have
been actively studied during the last decade [2]. These
effects are used in optical switches, logic elements, multi-
plexers, and demultiplexers [3] and are also employed for
data communication, storage and processing [3]. All these
phenomena can be observed in photorefractive crystals at
radiation intensities of � 100 mW cmÿ2, whereas to
observe nonlinear effects in Kerr media, considerably
higher intensities of the order of 1 MW cmÿ2 are required.

There exist several types of solitons depending on the
mechanism of their formation: quasi-stationary [4], screened
[5], photovoltaic [6], composite [7] solitons and solitons in
centrally symmetric media [8]. At present screened solitons
in photorefractive media are being investigated most
actively [9].

The formation of the soliton regime was studied in most
cases in a constant electric éeld, whereas self-action effects
in alternating electric éelds were not investigated in detail.
The use of an alternating external éeld offers a number of
advantages compared to a constant éeld, eliminating the
inêuence of the internal inhomogeneity of the crystal
conductivity and the nonuniformity of its background
illumination on the screening of the external éeld; in
addition, in the case of synchronous modulation of the
radiation intensity and external éeld, the nonlinear
responses of the medium are increased.

The spatial self-phase modulation of light in a photo-
refractive crystal in an external alternating electric éeld was
érst observed in a barium ë sodium borate crystal
(Ba2NaNb5O15, BNN) [10]. Consider the qualitatively
possible mechanism of the spatial self-phase modulation
of light in a photorefractive crystal [10]. Let us assume that
an external alternating electric éeld is applied to the crystal.
We will modulate the radiation intensity so that light is
incident on the crystal only at instants when the direction of
the external electric éeld vector is positive. Photoelectrons
produced by light will move in the direction opposite to the
electric éeld direction. Due to the capture of electrons by
traps, the charge separation will occur in the crystal and the
éeld Esc of a spatially inhomogeneous charge will appear in
the crystal volume. Due to the linear electrooptical effect,
the refractive index n of the crystal will change by Dn � Esc.
During the next half-period, the éeld is directed to the
opposite side and the crystal is not illuminated; therefore, it
can be expected that the effect will be gradually accumu-
lated, i.e. Dn will increases. The soliton regime can be
obtained only if Dn is positive. The sign of Dn depends on
whether the external electric éeld and incident radiation
intensity change in phase or out-of-phase, other conditions
being the same. In [10], both the decrease and increase in the
refractive index n of the Ba2NaNb5O15 crystal was observed.
Radiation self-focusing [11] and one-dimensional spatial
solitons were observed for the érst time in this crystal as
well [12].

The mechanism of spatial self-phase modulation of light,
which was qualitatively considered in [11], was theoretically
described in [13], where the conditions of formation of a
one-dimensional refractive soliton were determined and the
expression for the éeld Esc of a spatially inhomogeneous
charge was obtained in the case when the radiation intensity
and amplitude of the external electric éeld were changed in
phase:

Esc � E loc
sc � E nloc

sc � ÿE mI

I� Id
ÿ ELe

I� Id

dI

dx
. (1)

Here E is the amplitude of the external alternating electric
éeld directed along the x axis (the optical axis of the crystal
is also directed along the x axis); I is the beam intensity; Id
is the `dark' illumination; Le is the drift length of an
electron; m � (I � ÿ I ÿ)=(I � � I ÿ) is the beam intensity
modulation depth; and I � and I ÿ are the maximum and
minimum intensities of the modulated beam [13]. One can
see from expression (1) that, when the light intensity is
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modulated in phase with the alternating electric éeld
applied to the crystal, along with the local component
E loc
sc , the nonlocal component E nloc

sc of the response is also
present, which is determined by the light éeld intensity
gradient dI=dx. The local component E loc

sc of the nonlinear
response changes the eféciency of the beam self-focusing,
while the nonlocal component E nloc

sc causes the beam self-
bending along the external éeld [13].

Thus, by changing the value of the local response, we
can control the conditions of formation of a spatial screened
soliton in the external alternating electric éeld during the
propagation of light beam modulated in phase with the
external éeld. It follows from expression (1) that the local
response at the constant intensity is determined by the
external electric éeld E and the radiation intensity modu-
lation depth m; however, a change in the éeld E also causes
a change in the nonlocal response. The latter change can be
insigniécant if the drift electron length Le is small.

The aim of our paper is to study experimentally the
possibility of controlling the conditions for formation of a
spatial screened soliton in a photorefractive crystal in an
external alternating electric éeld during the propagation of a
light beam modulated by intensity in phase with the external
éeld.

We performed experimental studies with a
Ba2NaNb5O15 crystal in which one-dimensional spatial
solitons were observed for the érst time [12]. The product
of the mobility m and recombination time tr of charge
carriers in this crystal is mtr � 2:7� 10ÿ13 m2 Vÿ1 [14].
According to the results obtained in [13], it can be expected
that the beam displacement in the crystal cross section for
such a value of mtr will be insigniécant or absent at all. The
crystal length along the laser beam was 3.5 mm and in the
electric éeld direction ë 3 mm.

Studies were performed by using the experimental setup
shown schematically in Fig. 1. The 633-nm, 12-mW radi-
ation from a He ëNe laser passed through a liquid-crystal
cell placed between two crossed polarisers. The liquid-
crystal cell was connected to a low-frequency generator
forming a meander with a frequency of 50 Hz. The radiation
intensity transmitted through the cell was modulated at this
frequency. The modulation phase of the He ëNe laser
radiation was synchronised with the phase of the external
alternating electric éeld by decreasing the delay in the low-
frequency generator. The laser beam was focused by a lens
with a focal distance of 47 mm on a photorefractive crystal.
The side faces of the crystal were covered with a conducting
coating with electrodes glued to it with conducting cement,
through which an alternating electric éeld was applied to the
crystal. The focusing lens and crystal were mounted on a
stage which could be moved along the beam (the z axis). The
laser beam was focused by the lens on the crystal so that the
waist coincided with the front (input) face of the crystal; the
beam waist diameter was D1 � 21 mm. If the external éeld
was absent, the beam diameter at the crystal output was
D2 � 30 mm. The beam diameter was determined as the
beam full width at half-maximum of its intensity. The
measurement error determined by the resolution of a
CCD array used in experiments was � 5%.

The system for imaging the beam cross section in any
cross section of the crystal with a six-fold magniécation
consisted of a éxed objective and a CCD array. The optical
axis of the crystal (the c axis) coincided with the directions
of the external electric éeld and incident radiation polar-

isation. The incident radiation polarisation was selected to
provide the maximum change in the refractive index Dn [14].

When an external alternating electric éeld with a
frequency of 50 Hz was switched on in phase with the
radiation intensity modulation and its amplitude was
increased, the beam began to compress in the éeld direction.
No change in the beam size in the perpendicular direction
was observed (one-dimensional case). When a certain
amplitude of the external alternating electric éeld was
achieved, the beam cross sections on the input and output
faces of the crystal became equal, i.e. the soliton regime
appeared. As the electric éeld amplitude was further
increased, the beam became diverging, i.e. self-focusing
began to dominate over diffraction. No displacement of
the beam centre in the electric éeld direction was observed.
If the alternating electric éeld was switched on out-of-phase
with the intensity modulation, the beam was broadened in
this direction, i.e. in accordance with the results obtained in
[10], the variation in the refractive index changed its sign.

The degree of beam self-focusing was characterised by
the parameter a � D1=D2. It is obvious that, if a < 1,
diffraction dominates over self-focusing, if a � 1, the soliton
regime is obtained, and if a > 1, self-focusing dominates
over diffraction. The beam diameter D1 at the crystal input
remained constant, while the beam diameter D2 at the
crystal output was measured for different external éeld
amplitudes and different radiation intensity modulation
depths. The amplitude E of the external alternating electric
éeld was varied from zero to 9 kV cmÿ1 with a step of
1.5 kV cmÿ1, while the intensity modulation depth m was
arbitrarily set equal to 0.73, 0.78, 0.86, 0.91, and 1. These
measurements gave the dependences of the beam self-
focusing degree a on the external éeld amplitude E for
different modulation depths m.

Figure 2 shows the dependence of the beam self-focusing
degree a on the external éeld amplitude E for the intensity
modulation depth m � 0:91. One can see that, as the electric
éeld amplitude is increased, the self-focusing degree, which
can be approximated by the linear dependence a � a(E),
increases.

Figure 3 presents the dependence of the beam self-
focusing degree on the beam intensity modulation depth
for the external éled amplitude 4 kV cmÿ1 (similar depend-
ences were observed for other amplitudes). One can see that
the beam self-focusing degree increases with increasing the
intensity modulation depth m at the éxed external éeld
amplitude E.

Thus, we have shown experimentally that the increase in
the local nonlinear response, caused, according to (1), by the
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Figure 1. Scheme of the experimental setup: ( 1 ) He ëNe laser; ( 2 )
crossed polarisers; ( 3 ) liquid-crystal cell; ( 4 ) low-frequency generator;
( 5 ) short-focus lens; ( 6 ) photorefractive crystal mounted on translation
stage ( 7 ); ( 8 ) objective; (9) CCD array; c is the optical axis of the
crystal.
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increase both in the beam intensity modulation depth m and
in the external electric éeld amplitude E (E loc

sc � Em), leads
to the increase in the beam self-focusing degree. This
corresponds to the theoretical results obtained in [13]
and makes it possible to control experimentally the con-
ditions of the soliton regime formation.

The éeld amplitude Es at which the soliton regime is
achieved (a � 1) was determined for all modulation depths
m from the dependence a(E) (Fig. 2). Figure 4 presents the
dependence of the external éeld amplitude Es required for
obtaining the soliton regime on 1=m. One can see that the
external éeld amplitude required for obtaining the soliton

regime linearly deceases with decreasing 1=m. The results
presented in Fig. 4 can be used to determine the amplitude
of an external alternating electric éeld at which the soliton
regime is achieved for the speciéed modulation depth.

Thus, we have shown experimentally that the increase in
the local response of the photorefractive bariumë sodium
niobate crystal leads to the increase in the beam self-
focusing degree. This allows one to control the formation
of the soliton regime by varying the amplitude of an external
alternating éeld and radiation modulation depth.
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Figure 2. Dependence of the self-focusing degree a � D1=D2 on the
external éeld amplitude E for the intensity modulation depth m � 0:91.
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Figure 3. Dependence of the self-focusing degree a on the radiation
intensity modulation depth m for the external éeld amplitude
E � 4 kV cmÿ1.
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Figure 4. Dependence of the external éeld amplitude Es required for
obtaining the soliton regime on the inverse intensity modulation depth
1=m.
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