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Taming the emerging beams after the split of optical vortex solitons in a saturable medium
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Control of the emerging beams obtained from the spontaneous splitting of an optical vortex soliton (OVS) due
to the azimuthal modulation instability is demonstrated. The procedure adopted consisted of adding a control
Gaussian beam, propagating collinearly with the OVS, and adjusting the beams’ relative positions, radius, and
intensities. Rotation of the emerging beams in the transverse plane and energy transfer between them were
obtained using a control beam with smaller intensity than the vortex beam. The numerical simulations based on
a modified nonlinear Schrodinger equation, including saturable nonlinearity and three-photon absorption, are in

excellent agreement with the experimental results.

DOLI: 10.1103/PhysRevA.93.013843

I. INTRODUCTION

The control of light by light is one fascinating process in
nonlinear (NL) optics with important applications in high-
speed optical processing and telecommunications [1]. Usually
the all-optical control of a laser beam is obtained using an
intense laser which couples with the weaker beam through
cross-phase modulation (XPM) inducing polarization rotation
and/or light bending [2]. Nowadays all-optical devices and
prototypes can be operated with basis on the XPM allowing
signal processing with high bit rates [3]. In this context,
temporal and spatial solitons have attracted great attention
because the invariance of their shape is an important feature in
long-distance data transmission where solitons may play the
role of information bits [4,5].

Bright spatial solitons are self-trapped optical beams that
propagate in focusing Kerr media, due to a balance between
diffraction and NL interaction [2]. The stable propagation
of spatial solitons was first observed in waveguides with
dominant self-focusing (SF) nonlinearity [6]. However, for
light propagating in three-dimensional media the SF does not
assure stable propagation of spatial solitons and catastrophic
collapse is observed [7]. Nevertheless, theoretical studies [8]
indicated that contributions from high-order susceptibilities
may prevent the beam collapse stabilizing the solitons’ prop-
agation. Experimental demonstrations were recently reported
for systems having cubic-quintic [9] and quintic-septimal [10]
local nonlinearities.

On the other hand, optical vortex solitons (OVSs) show
stable propagation for cubic self-defocusing media [11]. These
helical beams, characterized by a phase singularity and zero
amplitude at the vortex pivot, carry a nonzero orbital angular
momentum (OAM) described by the phase factor exp(im6),
where 6 is the azimuthal coordinate with respect to the beam
axis and m is the topological charge [12]. Experimental
observations of OVSs in defocusing media were reported
in [13].

Both types of solitons, bright and vortex, have large
potential for applications in many areas that include optical
data storage, transmission, and data processing [11].
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Nevertheless, the propagation of OVSs in SF media is
unstable [14—16]. In particular, it is known that in SF nondis-
sipative media, OVSs are subject to spontaneous azimuthal
symmetry breaking due to the spatial modulation instability
(SMI) [14]. As a consequence the OVS is split into bright
fragments, which have characteristics of fundamental solitons;
the number of fragments is equal to twice the topological
charge of the OVS and the observation of this phenomenon
was reported in a cubic SF medium [16]. Although there
are several theoretical works aimed at identifying suitable
conditions for stable propagation of OVSs in SF media
[17], there are few experimental results showing a robust
OVS propagation in such media. The first experiments of
stable propagation of discrete OVSs were reported using
external potentials induced by photonic lattices [18]. Recently,
different species of solitons, including OVS, were reported in a
rarefied gas composed of three-level atoms with single-photon
resonant nonlinearity, in a four-wave mixing (FWM) process
[19]. More recently, the stable propagation of a self-trapped
vortex beam in a SF material with local nonlinearity was
reported in experiments with liquid carbon disulfide (CS,)
[20]. These experiments showed that an OVS with m = 1 and
appropriate field amplitudes can be azimuthally stable due to
the combination of saturation of the refractive nonlinearity and
three-photon absorption (3PA). At high intensities, the OVS
spontaneously split into two bright fragments, which move
along the tangent of the initial ring-type beam profile due
to OAM conservation. Although many studies analyzing the
splitting of OVS were published [21], no experimental study
showing a way to manage the emerging beams, via all-optical
control, was published.

In this paper, we report two schemes for controlling the
relative azimuthal position and energy transfer (ET) between
the emerging beams after the splitting of an OVS propagating
in CS,. The superposition of copropagating Gaussian and
vortex beams allowed the control of the fragments producing
an angular rotation in the transverse plane that may reach ~90°
by adjusting the Gaussian beam intensity. Additionally, ET
between the fragments, with efficiency up to 92%, is observed
by varying the size and the relative positions of the vortex
and Gaussian beams’ axis. The experimental results were
reproduced by numerical simulation considering the saturation
of the NL refractive index and the 3PA coefficient that were
previously measured for CS, [22]. It is important to notice
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FIG. 1. (a) Schematics of the experimental setup: polarizer (P);
telescopes (L1-L2 and L1-L3); vortex phase plate (VPP); mirror (M);
spatial filter (SF); beam splitters (BS1 and BS2); neutral density filter
(F); spherical lenses with fy = 50 mm (L4) and f5 = 50 mm (L5).
The CCD camera records the transverse beam spatial profile with
magnification M. Transverse beam profiles at the cell’s entry face
used for the experimental schemes: A (b) and B (c).

that the procedure presented here is general enough to be
successfully applied for other saturable media.

II. EXPERIMENTAL DETAILS

The experimental setup used is sketched in Fig. 1(a). The
second-harmonic beam at 532 nm, obtained from a Nd:YAG
laser (80 ps, 10 Hz, 1064 nm), with the maximum pulse energy
of 10 pJ, was split into two beams using a 50:50 beam splitter
(BS1). The variation of the total beam power was made using
a A/2 plate followed by a Glan prism which assures the linear
polarization of the beam. Two telescopes, formed by lenses
L1-L2 and L1-L3, were used to adjust the transverse beams’
dimensions. The beam transmitted by the BS1 passes through
a phase plate (VPP) which produces a vortex beam withm = 1
[the signal beam (SB) with intensity Is]. A spatial filter, located
after the VPP, was used to eliminate high-order diffracted light.
The reflected beam by BS1 with Gaussian profile was the
control beam (CB) with intensity /. This beam was collimated
by lens L3, which allows adjustment of its diameter. Neutral
density filters were used to vary /¢ maintaining constant the
beams’ polarization. The SB and CB were combined using
a beam splitter (BS2) and focused by a 5-cm-focal-distance
lens (L4) on the input face of a 10-mm-long quartz cell
filled by CS,. The transverse beams’ profiles were imaged
on a charge-coupled device (CCD) camera aligned with the
beam-propagation direction. The lens L5 was used to obtain the
beam’s image at the output face of the cell with magnification
M = 4. Single-pulse images were captured by triggering the
CCD, using a digital delay and pulse generator (DDPG), which
was triggered by the Nd: YAG laser pulses, at 10 Hz, avoiding
contributions of slow NL response due to thermal effects. The
SB at the input face (positioned in the focal plane of the lens
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L4) consists of a Gaussian background, with beam waist of
11 pum, and the vortex core with radius of 3 um. Under
these conditions and for 8 GW/crn2 <L <10 GW/crn2 a
self-trapped vortex beam is formed and propagates along
~3 mm as reported in [20]. For I; > 10 GW /cm?, the SMI
produces distortions in the transverse beam profile, which
gradually increase up to splitting of the OVS. At 3 mm from
the entrance face of the cell, the OVS is split into two bright
fragments for I; > 18 GW/sz.

III. RESULTS AND DISCUSSION

In order to control the azimuthal positions and relative
intensities of the OVS fragments, two experimental schemes
(A and B) were implemented varying the radius, position,
and intensity of the CB with respect to the SB. Scheme A
consisted of the collinear propagation of the two beams with
the CB located on the side of the vortex around the core, as
shown in Fig. 1(b). The CB radius is 3.5 um. In scheme B, the
SB and CB have the same transverse dimensions (the CB and
vortex beam radii are of 11 um) and their axes are coincident,
as indicated in Fig. 1(c). The maximum ratio /¢ /Iy used was
of 0.5 and 0.1 in scheme A and scheme B, respectively. In both
cases, the signal and control beams were overlapped spatially
and temporally inside the sample.

Figure 2 shows images of the OVS fragments at the exit face
of the cell corresponding to scheme A. Figure 2(a) shows the
two emerging beams when I; = 18 GW /cm?, in the absence
of the CB. The two fragments, resulting from the splitting
of a single vortex beam with approximately uniform field
background, have equal shape, size, and intensity [16,20,21].
Figures 2(b)-2(h) show the rotation of the fragments, in the
transverse plane, for 0.5 GW/cm? < I < 10 GW/cm?. The
initial angle, ¢y = 7 /22, between the vertical direction and
the line along the fragments, in the absence of the CB, depends
on the phase-plate position and the samples’ nonlinearity
[21,23]. By rotating the phase plate in a plane transverse to the
beams’ axis we observed changes of ¢ but in the experiments
described here the VPP is kept fixed. The maximum rotation
angle induced by the CB, ¢ =~ ¢y + 7 /2, was obtained for
Ic =10 GW/cm? and I = 18 GW/cm?”. The results suggest
the possibility for operation of an optical switch, where the
emerging beams obtained from the split of an OVS are
controlled by a CB with smaller intensity than the SB intensity.
It is known that CS, has two response times: an ultrafast one
(<50 fs) and a fast one of ~2 ps [24]. However, in our case,
the NL response of CS; is limited by the pulse duration of the
incident beam, 80 ps [25]. Thereby, the modulation is as fast
as the duration of the pulse.

The rotation of the fragments was investigated by placing
the CB in different azimuthal positions around the vortex core
and the largest rotation angle was obtained when the CB was
located approximately at the bottom of the vortex on the line
corresponding to ¢y = 7 /22.

Figure 3 presents the spatial profiles of the fragments at the
exit face of the cell following scheme B, for Is = 18 GW /cm?.
In the absence of the CB, the two fragments have identical
characteristics, as shown in Fig. 2(a). Figure 3(a) shows ET of
~10% between the two fragments when I = 0.3 GW /cm?.
The ET was controlled by varying I reaching a maximum
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FIG. 2. Experimental images of the emerging beam’s profiles at the output face of the cell obtained using scheme A. Vortex beam intensity:
18 GW /cm?. Gaussian beam intensity (in GW /cm?): (a) 0, (b) 0.5, (c) 1, (d) 3, (e) 5, () 7, (g) 9, and (h) 10. Cell length: 10 mm and ¢, = 7 /22.

efficiency of 92% for I = 2 GW /cm? as shown in Fig. 3(d). In
Figs. 3(a)-3(d), the color scale, which represents the intensity
in the transverse plane, was normalized with respect to its
maximum value in each case but the total power was conserved,
in all cases. The white dashed lines (pink cross) correspond
to the initial (final) position of the vortex core, in the absence
(presence) of CB.

In order to understand the results of Figs. 2 and 3 we
recall that the vortex beam propagation is very sensitive to
the presence of external perturbations. For the Iy used, in
the absence of CB, the splitting of the vortex is due to the
SMI effect, as mentioned above. In the present experiments,
the SMI is enhanced by the presence of the CB that induces
changes in samples’ refractive index in the region where the
CB and SB overlap. In scheme A the CB is an off-axis
perturbation for the SB. Then, the refractive index induced
in the region illuminated by the CB is larger because the CS,
is a SF medium. Thus, the bright fragments formed after the
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splitting of the OVS suffer changes in their rotation, which
alter its final relative position, when they pass through the
region where the refractive index is larger. Then, the largest
rotation angle is obtained when the CB is placed closer to the
position of one of the fragments, just after the split of the OVS.
On the other hand, in scheme B, the CB field affects the whole
area of the SB. The superposition of the Gaussian and vortex
beams provides a coherent field which induces a displacement
of the vortex core in the radial direction that increases with
the propagation distance, incident intensity, and nonlinearity
of the medium [26]. Nonuniformity in the intensity profile
and asymmetries in the spatial shape of the CB contribute for
enhancement of the vortex core displacement [27]. Therefore,
the SB splitting is affected by the azimuthal asymmetry caused
by the displacement of the vortex core. Then, the two emerging
beams have different size and shape, and one of them, which
has higher energy, is located in the opposite direction to the
displacement direction of the vortex core. The intensity ratio
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FIG. 3. Experimental images of the resultant transverse beam profiles at the output face of the cell obtained when the axis of the vortex
and Gaussian beams are coincident (scheme B). Vortex beam intensity: 18 GW cm?. Gaussian beam intensity: (a) 0.3, (b) 0.8, (c) 1.4, and (d)

2 GW /cm?. Cell length: 10 mm.
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FIG. 4. Images of the emerging beam’s profiles obtained from Eq. (1), following the input scheme of Fig. 1(b). Is = 15 GW /cm? and I
values of (a) 0, (b) 0.5, (¢) 1, (d) 2.8, (e) 4.4, (f) 6.3, (g) 8.1, and (h) 9.3 GW /cm?.

between the emerging beams is controlled by I which also
controls the displacement of the vortex core. Nevertheless, the
total power in the output face of the sample is conserved.

In order to compare the experimental results with a
theoretical model, the propagation of both beams was
described considering the contributions of the saturated
refractive nonlinearity and the 3PA previously demon-
strated for CS, at 532 nm, in the picosecond regime
[20,22]. Based on these NL contributions, the propaga-
tion and interaction between the SB and the CB were
described by a modified NL Schrodinger equation which
assumes the form given by i(90E;,/0z) + 1/2nok)AL E;, =
—lkalI? (1 + b?1%) + iy 12 21E;, [22], where E;, (i) cor-
responds to the incident field amplitude (peak intensity)
expressed as a superposition of the vortex and Gaussian fields,
A is the transverse Laplacian, z is the propagation direction,
k =2m /A, X is the laser wavelength, and ng is the linear
refractive index. The first term of the right-hand side is due
to the NL refractive behavior of CS, with the effective NL
refractive index described by n'N"(I) = aI?/(1 + b*I?), with
a=063x10"2m*/W? and b=23x 10" m?/W [22].
The 3PA coefficient, y = 9.3 x 1072° m?/W? reported in [22]
was considered in the second term of the right-hand side.

In order to rescale the NL equation, we defined the
variables, X = x/wg, ¥ =y/wy, Z =z/L, U;, = Ein/E,,
with L = nokwg and E, = (2bngcey)~'/?, where wy is the
initial beam waist of the SB, ¢ is the speed of light in
vacuum, and &y the vacuum permittivity. After normalization,
the modified nonlinear Schrodinger equation (NLSE) assumes

the form
( )+

Ui i
Iz

92U,
9X2

92U,
9Y2

.77|Uin|4Uin

L - Uin 4Uina
1+ |Uin|4 M| |

2
6]

with n = Lka/b* and i = y L /(2b?). The incident intensity is
related to the normalized field by I;, = |U,-,,|2 /b. Equation
(1) is solved numerically by using the split-step compact
finite-difference method [28]. The input beam profile in
adimensional polar coordinates (R = +/ X2 + Y2 and 0), con-
sidered for numerical simulations, has the form U;,(R,0,z) =
Us exp(—R2 + i6)tanh[woR/QCw,)]exp(iA¢p) + Ucexp
[—(w3/wZ)(R — d)*], where Us and Uc correspond to in-
cident vortex (signal) and Gaussian (control) field amplitudes.
d is the initial transverse distance between SB and CB, A¢
is the phase difference between the beams. wy, w,, and wg
are the waists of the Gaussian background, vortex core, and
CB, respectively. Values of L = 2.3 mm, n =28, u = 3.3,
and A¢ = 0 were used to model the beams’ propagation in
the 10-mm-long cell filled by CS,.

Figure 4 shows numerical images of the emerging beams
when scheme A is used, according to Fig. 1(b). Figure 4(a)
shows the spontaneous azimuthal symmetry breaking of the
SB when I, = 15 GW/cm? and Ic =0, in agreement with
Fig. 2(a). Figures 4(b)—4(h) illustrate the control over the frag-
ments’ rotation obtained from Eq. (1) with I, = 15 GW /cm?
and 0.5 GW/cm? < I¢ < 9.3 GW/cm?. The dashed lines in-
dicate the angular positions of the fragments corresponding to
Fig. 2.

Figure 5 shows the numerical results corresponding to
scheme B, indicated in Fig. 1(c). The ETs between the
emerging beams with 15%, 44%, 68%, and 92% efficiency
were obtained for Iy = 15 GW/cm2 and /¢ values of 0.15,
0.75, 1.2, and 2.2 GW /cm?, respectively. Figures 5(a)-5(d)
reproduce the experimental results shown in Figs. 3(a)-3(d).
Displacement of the vortex core, by varying the value of I,
is observed in Fig. 5 corroborating our interpretation given
above. The SB intensity used for the numerical calculations
(15 GW /cm?), slightly different from the experimental SB
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FIG. 5. Numerical output images of the fragments obtained from Eq. (1), following the scheme of Fig. 1(c). Iy = 15 GW/cm? and I¢

values of (a) 0.15, (b) 0.75, (c) 1.2, and (d) 2.2 GW /cm?.

intensity (18 GW /cm?), was used to obtain very good agree-
ment between the experimental and numerical results, for
both schemes. The dashed lines correspond to the position
of the vortex core when I- = 0. The different I~ values
used in the simulation and in the experiment are acceptable
since fluctuations of ~20% of the laser peak intensity are
observed.

In order to get a qualitative understanding of the results we
recall that in a nondissipative medium the emergent beams are
fundamental solitons [14] that rotate along the tangent of the
initial ring-type beam profile due to OAM conservation. After a
certain propagation distance from the position where the vortex
splits, conversion of rotational energy to centrifugal energy
takes place and consequently, the fundamental solitons begin to
move away from each other. In dissipative media, as in the case
of CS,, the fragments are not fundamental solitons because of
the energy losses due to the 3PA. Then, the energy losses
along the propagation dominate against the energy conversion
process and the angular momentum of the fragments decreases
with the relative distance between the fragments in the
transverse plane being affected mainly by the linear diffraction.
Therefore, the final position and distance between the two spots
strongly depend on the characteristics of the input vortex beam
and the nonlinearity of the medium. On the other hand, the
control of rotation and the ET between the emerging fragments
depend on the initial intensity, position, and radius of the
control beam.

IV. SUMMARY AND CONCLUSIONS

In summary, we reported experiments that allow controlling
the relative positions and energy of the two emerging beams
produced due to the unstable OVS propagation in CS,. A
Gaussian beam overlapped with the optical vortex beam is used
to control the behavior of the emerging fragments. Rotation
of the emerging beams in the transverse plane by ~90° and
energy transfer among them with efficiency up to 92%, when
the control beam has an intensity seven times smaller than
the optical vortex beam, were observed. The experimental
results were corroborated by numerical simulations based on a
modified NLSE equation that describes the NL response of CS,
under the present experimental conditions. The results shown
here reveal an alternative and efficient approach for the design
of all-optical modulators, where the output beams are strongly
related because they are generated from a single initial beam.
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