
PHYSICAL REVIEW APPLIED 17, 064063 (2022)

Three-Dimensional All-Optical Switching Using a Single Diffracting Bessel Beam
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A single Bessel beam (BB) enables the scalable optical writing of waveguide devices with multiple
inputs and outputs in a nonlinear medium. For this purpose, we experimentally propagate a diffracting
zero-order BB in a strontium barium niobate photorefractive crystal. Such a configuration can be used
for the self-writing of complex waveguiding structures. By tailoring different key parameters such as the
diffraction phenomenon through the BB size, the nonlinearity strength through the applied electric field,
and the photoinduced refractive-index modulation depth through input beam intensity, our optical platform
enables not only the generation of optical splitters but also an all-optical control of the output intensity
levels. We also analyze the stability in space and time of the different photoinduced channels. We show that
adding a background illumination onto the medium permits a steady-state photoinduced refractive-index
modulation with up to nine output channels. These results enrich the research on scalable optical writing
techniques for the realization of complex interconnects and enlarge further possibilities for all-optical
switching.
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I. INTRODUCTION

In recent years, all-optical switching has drawn much
attention in optical communication and computation appli-
cations due to its high-speed, reliable, and large-volume
data transmission [1]. Several optical switching technolo-
gies are based on either mechanical systems such as
actuators for moving optical elements or microelectrome-
chanical systems (MEMS) based on neither micromirror
arrays nor on optical photoinduced waveguiding struc-
tures. Those latter are the most attractive ones because
of their low dimension, reconfigurability, scalability, and
self-adjusting capabilities even in three dimensions [2].
Creating such optical switchers in the volume of nonlinear
materials requires specific direct writing using femtosec-
ond laser pulses [3] or photolithography [4]. Another
widespread approach is based on photoinduced waveg-
uides using either Kerr or Pockels effect to artificially
design and modulate the refractive-index structure inside a
nonlinear material [5,6]. Compared to other methods, pho-
torefractive (PR) materials based on Pockels effect offer the
advantages of low input powers (few μW) for the photo
inscription [7,8]. Indeed, in such materials the free charge
carriers are excited by input beams and redistributed
through drift and diffusion effects based on the Kukhtarev
model equations [9]. The obtained charges’ distribution
may form a space-charge field creating a refractive-index
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modulation through the Pockels effect. The anisotropic
behavior of PR materials also plays a role in the situation of
two-dimensional (2D) profile beams, which permits stable
waveguiding structures to be induced even in two dimen-
sions [10,11]. Gaussian beams were first and most com-
monly used for photoinducing waveguiding structures [7,
8,10]. More recently, an alternative approach for creating
multichannel waveguides uses unconventional beams, for
instance Airy beams. Their peculiar features, such as multi-
lobe profile and self-accelerating trajectory, allow inducing
addressable waveguides with multiple inputs and outputs
for all-optical switching and routing applications [12–
17]. Another unconventional beam has been extensively
studied due to its nondiffracting characteristics, original
self-healing and multilobe profile: the Bessel beam (BB)
[18–21]. This beam was proposed by Durnin in 1987 [22]
and can be considered as the conical superposition of a set
of plane waves. This composition manifests itself by a ring
in the Fourier space. By definition, such a beam possesses
an infinite energy. To overcome this problem, Durnin pro-
posed to truncate the BB by playing with the aperture
of the ring [23]. Another commonly used method based
on axicon consists in adding a Gaussian term to generate
the so-called Bessel-Gauss beam [24]. Due to this trunca-
tion the BB conserves its peculiar features but has a finite
diffraction-free distance. Owing to the latest generation of
spatial light modulators (SLMs) and the development of
optimization algorithms [25], the tailoring of BBs becomes
more and more resolved and flexible [26]. Thus, various
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studies on BBs have been developed, including the lateral
shift during the Mie scattering by a nanosphere [27], the
genealogy of leaky modes [28], and the design of con-
trolled switches at millimeter and submillimeter waves
for all-optical information processing using BBs [29]. The
latter also concerns the application of free-space opti-
cal interconnects [30], optical switches in the turbulent
atmosphere [31], light localization by inducing Bessel
photonic lattices [32], and reconfigurable photoinduced
networks [33]. Also in the domain of nonlinear optics,
Denz et al. realized the induction of various waveguid-
ing configurations in a biased PR material by multiplexing
two or four nondiffracting BBs and analyzed their switch-
ing characteristics in 2014 [34]. Then in 2018, DelRe
et al. predicted and experimentally demonstrated the self-
trapping and breather-forming behavior of the BB in a
PR crystal [35]. Thanks to this phenomenon, Xin et al.
created multiple waveguides using several diffraction-free
BBs in a quadratic nonlinear medium [6] to realize repro-
grammable optical components. It is worth noting that all
the researches above are based on several nondiffracting
BBs interacting under weak nonlinearity. Our recent sim-
ulation work in Ref. [36] has numerically demonstrated
that complex waveguiding structures with multiple inputs
and outputs can be also induced by a single diffracting
zero-order BB under high nonlinear conditions.

In this paper, we experimentally demonstrate that only
one single diffracting zero-order BB can be used for gen-
erating complex three-dimensional waveguiding structures
in a bulk photorefractive material [Fig. 1(a)]. By playing
with several key parameters such as the BB size, the input
beam intensity, the nonlinearity strength, our optical plat-
form offers not only the generation of classical Y couplers
but also a scenario where nine output channels are local-
ized in both the direction of the ferroelectric c axis of the
crystal and the perpendicular direction [Fig. 1(b)]. We also
study the effect of an external background illumination for
stabilizing the corresponding waveguiding structures.

II. EXPERIMENTAL PLATFORM

Our experiment consists of propagating a single zero-
order BB in a PR strontium barium niobate crystal (SBN:
Ce) with dimensions 0.5 × 0.5 × 1 cm (nSBN = 2.3) as
depicted in Fig. 1(a). The linear polarized laser beam
(λ = 532 nm) passing through the half-wave plate (HWP)
is expanded by the lenses (L1, L2) then launched onto a
SLM where a modulated phase mask similar to an axi-
con function is applied [37]. Iris 1 enables the selection
of the most resolved BB profile among all the diffraction
orders produced by the periodic SLM structure. A BB with
a few micrometers’ size ranging from 6 to 15 μm can be
obtained thanks to the inverse telescope made of lenses L3,
L4, and Iris 2. Mathematically, the generated zero-order

L3L4

CCD2

SLM

SBN

+

- Iris 2 Iris 1

Laser
 = 532 nm

HWP
M1

L1L2

x
zE

(a)

(b)

BSBS

CCD1

3D Complex switcher

x

z

y

FIG. 1. (a) Experimental setup: HWP, half-wave plate; L, lens;
M, mirror; SLM, spatial light modulator; BS, beam splitter. (b)
Principle scheme of three-dimensional (3D) complex switcher:
single diffracting BB photoinducing nonlinear complex waveg-
uiding structures with multiple possible outputs (from two to
nine).

BB is defined as follows:

F(r)z=0,t=0 = F0J0(kt × r) exp
(

− r2

ω2
0

)
, (1)

where r is the transverse coordinate with r =
√

x2 + y2, J0
is the zero-order Bessel function,

F0 is the maximum electric field amplitude of the input
BB related to the input beam intensity [Iin = |F0|2 =
Pin/(πr2

B), where Pin is the input beam power and rB is
the distance from the beam center (x = 0, y = 0) to the
furthest point with 13.5% of the maximum intensity], kt is
the transverse wave number, which is related to the beam
size r0 as kt = 2/r0, and ω0 is the waist of the Gaussian
truncated term. In all our experiments, we fix ω0 ≈ 90 μm,
which is enough for inducing a large multilobe structure
inside the crystal. The final BB enters the front face of
the SBN crystal and propagates along Lz, the 1 cm length
along the z direction [Fig. 1(a)] of the medium. An external
electric field is applied along the crystallographic c axis of
the crystal corresponding to the polarization direction of
the injected BB [(−x) direction in Fig. 1(a)]. We moni-
tor the input and output profiles of the BB, respectively, at
the front and back faces of the SBN crystal by CCD1 and
CCD2 cameras.

III. INFLUENCE OF BB SIZE: FROM SINGLE TO
MULTIPLE OUTPUT-CHANNEL

ACHIEVEMENTS

It is worth noting that the Gaussian truncated BB defined
by Eq. (1) has the diffraction-free distance defined by
LD = ω0/(kt/k) [24], where k is the wave number in the
SBN crystal. We therefore decide to firstly investigate how
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the BB diffraction may affect the waveguiding structures.
Figure 2 depicts the output intensity profiles for the non-
diffracting and diffracting BBs. Figures 2(a), 2(b), 2(e), and
2(f) represent the output intensity distribution imaged by
CCD2 at the exit face of the SBN crystal in the experi-
ments. The white curves are the intensity profiles along,
respectively, the x and y axis normalized by the maximum
value of the linear output intensity. The numbers (1, 2, 3, 4)
correspond to the four most intense outputs along x direc-
tion (channel threshold above 20 percent of the total output
intensity) and the numbers (1′, 2′, 3′, 4′) correspond to the
four most intense outputs along y direction as illustrated
in Fig. 2(d) (same for the following figures). Figures 2(c),
2(d), 2(g), and 2(h) show the transverse intensity profiles
along the c axis of the PR crystal (x direction of the applied
electric field) numerically calculated using the (1 + 1)D
model described in Ref. [36] [input profiles (blue lines)
and output profiles (red lines)]. In this model, we restrict
the BB defined by Eq. (1) in the one-dimensional (1D) sit-
uation where the transverse direction corresponds to the c
axis of the PR crystal (x direction):

F(X , Z = 0) = F0Jn(X ) exp
(

− X 2

(ω0 × kt)2

)
, (2)

where X = ktx = 2x/x0 is the normalized transverse coor-
dinate with x0 the waist of the main lobe of the zero-order
BB, and Z = z/Ld is the propagating length normalized
by Ld = kx2

0/2, which is the Rayleigh length of the sep-
arated central lobe of the zero-order BB. The nonlinear
propagation of this 1D BB can be expressed by

i∂ZF + ∂2
X F = �E0F , (3)

In this equation, � = (k2/k2
t )n

2
SBNreffE represents the non-

linearity strength, reff represents the electro-optical coeffi-
cient of the SBN crystal, and E is the external electric field.
E0 is the space charge field normalized by E. The tem-
poral evolution of E0 is calculated by the relaxation-type
dynamics equation:

τ∂tE0 + E0 = − I
(1 + I)

, (4)

where τ = τ0/(1 + I) is the relaxation time of the crystal,
τ0 is the characteristic response time of the SBN crystal,
and I = |F|2 is the normalized total intensity.

For the experiments, we consider two values of the
BB waist: 6 μm (kt = 0.33 μm−1) and 15 μm (kt =
0.13 μm−1). As the diffraction-free distance of the
15-μm BB is much longer than the length of the crystal
(LD ≈ 1.83 cm > Lz = 1 cm), the linear output beam has
the same transverse profile as the input beam [Fig. 2(a)].
Under strong nonlinear conditions (Iin = 0.695 W/cm2,
E = 3 kV/cm), Fig. 2(b) shows that the diffraction-free BB
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FIG. 2. (a),(b) Diffraction-free configuration: output intensity
distribution of the 15-μm zero-order BB propagating in the
SBN crystal under (a) linear condition (Iin = 0.695 W/cm2,
E = 0 kV/cm) and (b) nonlinear condition (Iin = 0.695 W/cm2,
E = 3 kV/cm). (c),(d) Numerical results of the nondiffracting
BB calculated using the same model as described in Ref. [36]:
the input and output intensity profiles of a 30-μm BB prop-
agating in the SBN crystal under (c) linear condition (� = 0)
and (d) nonlinear condition (� = 15). (e),(f) Single diffract-
ing BB configuration: output intensity distribution of the 6-μm
zero-order BB propagating in the SBN crystal under (c) linear
condition (Iin = 124.268 W/cm2, E = 0 kV/cm) and (d) non-
linear condition (Iin = 124.268 W/cm2, E = 3.8 kV/cm). (g),(h)
Numerical transverse profiles of the diffracting BB (x0 = 10 μm)
propagating, respectively, under (g) linear (� = 0) and (h) non-
linear condition (� = 3) similar to Figs. 1(b2) and 1(c2) in Ref.
[36]. (Images under nonlinear condition (b),(f) are taken at a
transient time catching the maximum output intensity spot.)

has now an intense elliptical focused central spot with a
diameter of 9 μm along x and 10 μm along y direction,
which is a configuration similar to a self-focusing Gaus-
sian beam under nonlinear conditions [38]. These results
can be reproduced qualitatively by solving numerically
Eqs. (2)–(4). As shown in Fig. 2(c), the input (blue line)
and the output (red line) profiles coincide with each other,
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which suggests that a nondiffracting BB (x0 = 30 μm)
remains constant in its profile when it propagates linearly
in the crystal (� = 0). Moreover, under a high nonlinear
condition (� = 15), Fig. 2(d) exhibits a narrower and more
intense output profile (red line), which is the same as the
experimental focusing profile along the x direction (white
line) in Fig. 2(b).

On the other hand, for the 6-μm BB, the diffraction-
free distance is now less than the length of the crystal
(LD ≈ 0.73 cm < Lz): the diffraction and consequently the
beam distortion cannot be ignored anymore [39]. Thus, as
shown in Fig. 2(e), under linear condition (E = 0 kV/cm)
the output beam no longer has a classical multiple-circle
profile as the input BB but presents four spots distributed
around the central one. When we apply the electric field
(E = 3.8 kV/cm) onto the PR crystal in the (−x) direction
[as indicated by the red arrow in Fig. 2(f)], the central peak
disappears and the optical energy shifts to the adjacent
lobes thanks to the drift and the diffusion effects. Indeed,
in Fig. 2(f), two well-separated outputs (1, 2) and two other
less intense nearby lobes (3, 4) along the x direction appear.
This distribution of energy is consistent with our (1 + 1)D
numerical results presented in Ref. [36]. Figures 2(g) and
2(h) are, respectively, similar to figures [Fig. 1(b2) and
1(c2)] in Ref. [36]. Figure 2(g) shows the diffraction of a
small size BB (x0 = 10 μm) propagating linearly (� = 0)
in the SBN crystal, and Fig. 2(h) presents that such a BB
can induce a waveguiding configuration with four sepa-
rated lobes under nonlinear conditions (� = 3). The latter
[output profile in Fig. 2(h)] presents nearly the same focus-
ing behavior as that shown experimentally along the x
direction in Fig. 2(f), which can be used as a Y coupler
or demultiplexers with four outputs. Overall, the numer-
ical results shown in Figs. 2(c), 2(d), 2(g), and 2(h) are
in qualitative good agreement with the x-direction profiles
recorded by the CCD2 [Figs. 2(a), 2(b), 2(e), and 2(f)]. In
addition, due to the (2 + 1)D experimental configuration,
we also identify four other focusing lobes (1′, 2′, 3′, 4′)
resulting from the diffusion effect observed along the per-
pendicular y direction in Fig. 2(f) giving rise to finally
eight channels at the output face of the crystal. We also
notice that the intensity distribution is not symmetrically
distributed between the x and y directions: this is mainly
due to the anistropy of the SBN crystal [40] but this distri-
bution can be adjusted and is developed in the next part of
our paper.

IV. INFLUENCE OF THE NONLINEARITY:
TAILORING THE NUMBER OF OUTPUT

CHANNELS

So far, we observe two types of focusing effects depend-
ing on the diffraction of the input BB in the biased SBN
crystal. The nondiffracting BB (r0 = 15 μm) presents a

self-trapping behavior and induces a solitonlike configura-
tion under nonlinear conditions. In contrast, the 6-μm BB
photoinduces multiple output channels unveiling the pos-
sibility for creating complex waveguiding structures for
all-optical switching. In what follows, we therefore focus
our study on this last configuration to see how we can
stabilize, balance, and even enlarge the number of outputs.

According to our numerical work in Ref. [36], the
nonlinear strength is a key parameter for achieving dif-
ferent waveguiding structures. To specify its impact on
the photoinduced configurations, we modify this param-
eter by increasing the strength of the biased electric field
(E) and the input BB intensity (Iin) in our experiments
(Fig. 3). Firstly, we launch the 6-μm zero-order BB with
Iin = 3.05 W/cm2 into the front face of the SBN crystal
and apply a 1.6 kV/cm electric field in the (−x) direc-
tion. Figure 3(b1) shows the output intensity distributions
at the back face of the crystal imaged by CCD2: all results
are taken at a transient time catching the maximum out-
put intensity spot but do not concern stationary states that
are discussed in the last part of this work. Figures 3(a1)
and 3(c1) show the corresponding profiles along the white
lines in Fig. 3(b1), respectively, in x and y directions.
We observe that the output intensity distribution obtained
under such a weak nonlinear condition is similar to that
obtained under the linear condition [Fig. 2(c)]. Both pro-
files in x and y directions indicate the slight focusing effect
on the central peak with a normalized intensity of Inor =
1.06 and five outputs are potentially addressable. Then
we maintain the same input intensity (Iin = 3.055 W/cm2)
and increase the external electric field to E = 2.6 kV/cm
[Figs. 3(a2)–3(c2)]. Interestingly, the optical energy no
longer focuses at the center. The most intense lobe is at
position 2 in Fig. 3(a2) away from the center in the x
direction and has the normalized intensity of Inor ≈ 1.152.
Moreover, we also notice in Fig. 3(c2) two focusing lobes
(1′, 2′) with symmetrical normalized intensities (Inor(1′) ≈
0.67, Inor(2′) ≈ 0.71) and two nearby lobes (3′, 4′) in the
y direction resulting from the diffusion effect and the
anisotropy in this (2 + 1)D configuration. This scenario
gives access to nine channels. Furthermore, we increase
the input BB intensity to Iin = 23.427 W/cm2 and the
external electric field strength up to E = 3.8 kV/cm for
achieving a high nonlinear situation. Figure 3(b3) shows
that the central peak has completely disappeared, and we
obtain four outputs (1, 2, 3, 4) [with two well-separated
lobes (1, 2)] in the x direction [Fig. 3(a3)] and four out-
puts (1′, 2′, 3′, 4′) [with two well-separated lobes (1′, 2′)
too] in the y-direction [Fig. 3(c3)]. In addition, by com-
paring the profile in Fig. 3(a2) with Fig. 3(a3) we notice
that the normalized intensities of the four lobes (1, 2, 3, 4)
all increased. According to the Kukhtarev model [9], light
with higher intensity photoexcites more free charge car-
riers, and a stronger external electric field offers a more
intense drift effect. Hence, the focusing phenomenon with

064063-4



THREE-DIMENSIONAL ALL-OPTICAL SWITCHING... PHYS. REV. APPLIED 17, 064063 (2022)

Intensity (arb. units)

0 75–75

1.06
(a1)

Intensity (arb. units)

1.06
(c1)

In
cr

ea
si

ng
 n

on
li

ne
ar

 s
tr

en
gt

h

1 2
0

2'1'
0

x (µm)

2

(b1)

(b2)

x

y (b3)1.22
0.95

1
3 4

(a3)

y (µm)

0.670.47 1' 2'3'
4'

(c3)

1.1520.80 1
2(a2)

3 4
0

(c2)

0.710.67 1' 2'
03' 4'

0 75–75

0 75–75

0 75–75

0 75–75

0 75–75

FIG. 3. Configurations induced by the 6-μm zero-order BB
propagating in the SBN crystal for increasing nonlinearity.
(a1), (c1) Outputs profiles, respectively, along x and y direc-
tions under weak nonlinear condition (Iin = 3.055 W/cm2, E =
1.6 kV/cm). (b2) 2D intensity distribution corresponding to (a1),
(c1). (a2)–(c2) Output profiles obtained by increasing the exter-
nal electric field (E = 2.6 kV/cm). (a3)–(c3) Output profiles for
increasing both the input BB intensity and the external electric
field (Iin = 23.427 W/cm2, E = 3.8 kV/cm).

four lobes, especially along the c axis (x direction) of the
SBN crystal, becomes more significant as the nonlinearity
increases.

In this part, we demonstrate that under high nonlinear
conditions, the diffracting zero-order BB can photoinduce
multiple 2D output configurations with either five [Figs.
3(a1)–3(c1)] or nine [Figs. 3(a2)–3(c2)] and finally eight
identifiable outputs [Figs. 2(d) and 3(a3)–3(c3)]. It is worth
noting that all the outputs do not have the same inten-
sity distribution so consequently they have a different
refractive-index modulation depth. The guiding efficiency
of each channel depends on this modulation depth. Under
nonlinear conditions, the latter can be controlled via the
power of the input beam and is addressed in the next part
of the paper.

V. INFLUENCE OF THE INPUT BEAM
INTENSITY: TAILORING THE GUIDING

EFFICIENCY

By comparing the transverse intensity profiles in x direc-
tion of the cases illustrated in Fig. 2(f) (white curve for
x direction) and in Fig. 3(a3), respectively, we can notice
that intensity amplitudes of lobes (1, 2) are symmetric
and nearly similar in Fig. 2(f) but are different (0.95
for lobe 1, 1.22 for lobe 2) in Fig. 3(a3). It should be
correlated to the input intensity, which is the only dif-
ferent parameter [Iin = 124.268 W/cm2 in Fig. 2(f) and
Iin = 23.427 W/cm2 in Figs. 3(a3)–3(c3)]. Accordingly, we
investigate the influence of the input intensity on what is
called the refractive-index modulation depth. It could be
an interesting way for tailoring the waveguides’ guiding
efficiency.

We now fix the external biased electric field at
E = 3.8 kV/cm and launch the 6-μm zero-order BB into
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FIG. 4. (a) Difference of the normalized intensities between
the outputs (1, 2) versus the input intensity Iin when the 6-μm
zero-order BB propagates in the SBN crystal under a biased
3.8 kV/cm electric field. (b),(c) 2D output intensity distribu-
tion induced by the BB for Iin = 16.908 W/cm2 and Iin =
142.603 W/cm2, respectively.

the SBN crystal with increasingly input intensities. To
analyze the fluctuation of the intensity distribution sym-
metry versus the input intensity, we calculate the values
of the normalized intensity difference between the out-
put lobes (1, 2) for each intensity distribution in x and
plot them in Fig. 4(a). The blue line represents the fitted
curve corresponding to the experimental data. We present
in more details the 2D intensity profile analysis for Iin =
16.908 W/cm2 [Fig. 4(b)] and Iin = 142.603 W/cm2 [Fig.
4(c)], respectively, as examples of the asymmetrical and
symmetrical distribution.

As described by the Kukhtarev band transport model
[9], photoionized donors are generated in the bright lighted
areas. When we apply an electric field in the (−x) direc-
tion, through the drift effect, the free electron charges are
transported to the dark areas in (+x) direction and create
what is called a space charge field modifying the refrac-
tive index through Pockels effect. The area with higher
refractive-index variation traps more energy, correspond-
ing to a more intense output spot at the exit face of the
crystal. Hence, in the case of light propagation dominated
by an electron charge transport and the drift effect, i.e., for
an input intensity relatively low (as shown in the exam-
ple [Fig. 4(b)]), the beam focuses at lobe 2 (in the opposite
direction of the electric field) and therefore forms an asym-
metric intensity distribution [� ≈ 0.3 in Fig. 4(b)]. When
we increase the input beam intensity, the diffusion effect
becomes stronger and gradually dominates the transport of
the charges in the SBN crystal [40]. As a result, the inten-
sity difference between the outputs decreases and tends to
� = 0 [� ≈ 0.04 as shown in Fig. 4(c)] or even � < 0
(lobe 1 more intense) showing therefore a symmetric out-
put intensity distribution. By the way, we notice that the
experimental data fluctuate around the fitted curve for high
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input intensity (example Iin > 81.487 W/cm2). This insta-
bility is due to recording errors related to the short response
time of the PR crystal under high input intensity permits
the refractive-index modulation depth to be tuned. The two
highest-intensity light spot peaks along x direction tend to
be symmetrical as the input intensity rises.

It is worth mentioning that all the above discussions are
based on nonlinear light propagation results taken at a tran-
sient time catching the maximum output intensity spot but
do not concern a stationary state. We will now study and
analyse the stability of the waveguides photoinduced by
the 6 μm zero-order BB in the biased SBN-crystal.

VI. INFLUENCE OF A BACKGROUND
ILLUMINATION: TAILORING THE

WAVEGUIDES’ STABILITY

Firstly, we focus on the temporal buildup and behavior
of the photoinduced waveguides related to the refractive-
index modulation depth. We consider the 6-μm zero-order
BB propagation with Iin = 23.427 W/cm2: in our 1-cm
SBN crystal under a biased electric field of E = 3.8 kV/cm
[measurement presented in Figs. 3(a3)–3(c3)]. Figures
5(b1)–5(b5) show the evolution of the 2D intensity distri-
bution of the output beam versus time. Figures 5(a1)–5(a5)
and 5(c1)–5(c5) show the corresponding transverse profiles
along the red and blue lines in x and y direction, respec-
tively, at different moments during the nonlinear focusing
process. Starting at time t = 0 ms [Figs. 5(a1)–5(c1)], the
intensity shifts outwards, and forms four well-identifiable
lobes in x direction (1, 2, 3, 4) and four well-identifiable
lobes but less intense along y direction (1′, 2′, 3′, 4′) at
t = 204 ms as shown in Figs. 5(a2) and 5(c2). Then, as
mentioned in the previous section, the lobes remain in
their positions, whereas their intensity peak, especially
(1, 2, 1′, 2′), gradually increases due to the self-focusing
effect. At t = 357 ms, the peak intensity of lobe 2 in
Figs. 5(a3)–5(c3) reaches its maximum in the transient pro-
cess. Subsequently, the nonlinear phenomenon relaxes and
the intensity shifts towards the center [Figs. 5(a4)–5(c4)]
and finally redistributes itself into a Bessel-like profile sim-
ilar to Figs. 5(a1)–5(c1) at t = 1.6 s [Figs. 5(a5)–5(c5)].
It is worth noting that the whole transient process takes
less than 2 s. Therefore, it is not possible to induce sta-
tionary waveguiding structures that permits a Gaussian
probe beam to be guided during several seconds. As shown
before, the photorefractive nonlinearity of our system can
be tailored by different physical parameters such as the
Bessel beam size, the external electric bias field, and the
intensity of the input beam Iin.

In photorefractive systems using Gaussian beams it
has also been shown that controlling the so-called dark
intensity of the photorefractive crystal Id via an external
background illumination [Fig. 1(a)] plays a significant role
for stabilizing the self-focusing and solitonic regime [41].
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FIG. 5. Nonlinear behavior of the 6-μm zero-order BB propa-
gating in the SBN crystal with parameters (Iin = 23.427 W/cm2,
E = 3.8 kV/cm). 1/without any background illumination: (a),(c)
temporal evolution of the output profiles along x and y directions,
respectively, and (b) corresponding 2D intensity distribution at
different times: (a1)(b1)(c1) t = 0 ms; (a2)(b2)(c2) t = 204 ms;
(a3)(b3)(c3) t = 357 ms; (a4)(b4)(c4) t = 662 ms; (a5)(b5)(c5)
t = 1.6 s. 2/with a background illumination: (d) steady-state 2D
intensity distribution for t � 662 ms. (e) Output positions of
lobes (1, 2, 3, 4) versus x and t.

Figure 5(d) in the red frame shows the intensity distribu-
tion at t = 1.6 s for Iin/Id = 426. We observe five outputs
with nearly identical intensity peaks, lobes (0, 1, 2) along x
direction, lobes (0, 1′, 2′) along y direction and four outputs
nearby, lobes (3, 4) along x direction, lobes (3′, 4′) along y
direction. These results are similar to the results presented
in Figs. 5(a4)–5(c4). But the main difference is that, after
time t = 1.6 s, the output intensity profile remains constant
proving that a steady state is reached. As a result, thanks
to the stabilization via the background illumination, we
can take advantage of the refractive-index configurations
induced by the single diffracting zero-order BB propagat-
ing in SBN crystal to guide probe beams. Additionally, the
stationary structures induced by such a single beam have
nine identifiable outputs, which can be used as waveguides
with multiple inputs and outputs. This result provides more
opportunities for all-optical switching.
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In a second time, we analyze the evolution of the out-
put positions of lobes (1, 2, 3, 4) versus time in the case of
Iin = 23.427 W/cm2, E = 3.8 kV/cm [same as Fig. 5(d)].
We here only consider the output profiles along x direction
(results are similar along the y direction). Figure 5(e) plots
the positions of the lobes [blue lines for lobes (2, 4) in the
right and red lines for other lobes (1, 3) in the left] at dif-
ferent increasing times after we apply the external electric
field (t = 0 ms). The corresponding dotted lines present
the mean values (MVs) (value indicated next to the lines)
of the positions of each lobe versus time. We observe that
during a first specific period during 170 ms < t < 662 ms,
the positions of all four outputs (1, 2, 3, 4) remain fixed,
which corresponds to the transient self-focusing process
with a four-lobe profile as presented in Figs. 5(a3)–5(c3),
without light in the center. After a second time period
starting at t = 662 ms, we observe that the 2D intensity
distribution relaxes to a less focused state and reaches a
steady-state regime [see Fig. 5(d)]: the output lobe posi-
tions remain constant and stable over time. As depicted in
Ref. [41], the background illumination also influences the
self-focusing effect both in the transient and the steady-
state regime: for a ratio Iin/Id = 426, we succeed in sta-
bilizing the photoinduced waveguide structure to the con-
figuration obtained at t = 662 ms [Figs. 5(a4)–5(c4)] after
t = 1.6 s. By changing the intensity ratio, it is therefore
possible to stabilize different transient states and follow-
ing Ref. [41], for a ratio nearly equal to Iin/Id = 3, the
photoinduced waveguide structures can be stabilized in the
configuration where the lobe intensities are maximum and
well separated [Figs. 5(a3)–5(c3)]. Unfortunately, regard-
ing the experimental equipment available in our lab, we
cannot go under a ratio Iin/Id of 22.

VII. CONCLUSION

In conclusion, we experimentally demonstrate that only
one single diffracting zero-order BB can be used for gen-
erating complex three-dimensional waveguiding structures
in a bulk photorefractive material. First, by reducing the
BB size under high nonlinear focusing conditions, the
influence of the corresponding diffraction has shown that
we can tailor the number of output channels (up to eight)
whose distributions in terms of intensity and consequently
in terms of refractive-index modulation depth are differ-
ent. Second, we demonstrate that this modulation depth
and intrinsically the guiding efficiency of the channels can
be finely adjusted by playing with the input intensity of
the photoinduced BB giving rise to either symmetrical
or asymmetrical waveguiding structures. Third, we study
the influence of a background illumination well known in
photorefractive systems for stabilizing transient solutions.
By adjusting the ratio between the intensity of the BB main
lobe and the dark illumination, we prove the stability in
terms of time and position of a solution presenting up to

nine potential output channels. Consequently, our optical
platform offers not only the possibility to generate classi-
cal Y couplers but also reconfigurable configurations where
up to nine output channels are potentially addressable. Our
experimental results driven by several easily adjustable
key parameters enrich the research on scalable optical writ-
ing techniques for the realization of complex interconnects
and enlarge further possibilities for all-optical switching.
Besides, our experiments are in a two-dimensional situa-
tion showing also the results of a weaker focusing effect in
the y direction. As discussed in the Appendix in Ref. [35],
due to the diffusion effect and the anisotropic characteris-
tic of the SBN crystal, a weak space-charge field along the
y direction is induced when we apply the external elec-
tric field. We also notice that the intensity distributions
of the outputs in the y direction are different with var-
ied parameters such as the nonlinearity strength [Figs. 3
(c2) and 3 (c3)]. This phenomenon motivates us to extend
our (1 + 1)D numerical model to the (2 + 1)D model for
a future work to explore more interesting phenomena in
photoinduced waveguiding structures using Bessel beams.
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