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Two-dimensional solitons in a quintic-septimal medium
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We report an observation of spatial solitons in a medium managed to present fifth-seventh (focusing-defocusing)
refractive nonlinearities with suppressed third-order nonlinearity. Propagation of two-dimensional bright spatial
solitons for ~10 Rayleigh lengths was observed and characterized in a suspension of silver nanoparticles in
acetone using the scattered light imaging method. Numerical calculations based on a nonlinear Schrodinger-type
equation, including contributions up to the seventh-order susceptibility, were performed showing good agreement

with the experimental results.
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I. INTRODUCTION

The study of nonlinear (NL) phenomena induced by
laser pulses propagating in transparent media is a complex
subject of great interest. For moderate laser intensities the NL
propagation of light is understood in terms of the optical Kerr
effect which describes light-induced changes in the materials’
refractive index that may lead to beam self-focusing, spectral
broadening, and several other NL phenomena [1]. For large
light intensities the optical response is affected by saturation
of the Kerr effect and high-order nonlinearities (HONs) may
induce optical phenomena such as multiphoton absorption
and change of the refractive index due to plasma formation
[2]. Although for some applications (such as ultrafast optical
switching in solids) HON may cause problems, in several
cases their contributions are very important and desired.
For instance, HON may enable formation of stable solitons
in homogeneous isotropic media [3] and influence many
aspects of filamentation in gases and condensed matter [4].
HON-assisted phenomena such as liquid light condensates
[5], harmonic conical diffraction [6], and filamentation [2,4,7]
are largely studied with basis on the NL interaction of light
with various physical systems. Also of great interest is the
exploitation of HON for quantum information [8], quantum
memories [9], and for coherence quantum control [10]. From
the theoretical point of view analogies between superfluids
[11], plasmas [12], and Bose-Einstein condensates [13] can
be evaluated from the behavior of highly NL optical systems.
In studies related to the phenomena mentioned above, several
authors devoted special attention to the concept of nonlinearity
management which also inspired large activity in theoretical
physics and mathematics research [14]. In the present work the
management of HON is performed to investigate the formation
of optical spatial solitons.

Spatial solitons are self-trapped optical beams that prop-
agate with invariant shape due to a balance between linear
diffraction and NL interaction with the medium where they
propagate [15—18]. Various kinds of spatial solitons supported
by different types of nonlinearities were studied since the
report of self-trapping of optical beams in [15], aiming to
be implemented for applications such as optical interconnects
[19], image transmission [20], and waveguides for optical
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communication devices [21]. In particular, the observation
of (141)-dimensional [(1+41)D] spatial solitons was reported
in [22] and their behavior is described by the cubic NL
Schrodinger equation. However, the stable propagation of
two-dimensional [(241)D] spatial solitons is not supported
in homogeneous isotropic media with instantaneous cubic
nonlinearity (Kerr media), due to catastrophic self-focusing
[23]. Nevertheless, HONs are manifested in media with large
NL susceptibility allowing arrest of the catastrophic beam col-
lapse. Indeed, the propagation of stable (24-1)D spatial solitons
was reported in a glass presenting large three-photon absorp-
tion (3PA) cross section [24]. More recently, there was a report
of the propagation of stable (2+1)D spatial solitons in liquid
CS, due to the simultaneous contributions of third- and fifth-
order susceptibilities, x® and x®, respectively [25]. The the-
oretical description based on the cubic-quintic NL Schrodinger
equation including 3PA showed good agreement with the
experimental results. The opposite signs of Rex® > 0
and Rex® < 0, as well as the contribution of Imx® > 0,
were the ingredients that allowed the observation of robust
bright spatial soliton propagation for a long distance.
Unfortunately, homogeneous systems do not allow easy
control of HON in order to suppress or enhance particular
NL contributions. On the other hand, nonlinearity man-
agement of nanocomposites enables the control of effects
associated with NL susceptibilities of different order [26,27].

The effective susceptibilities of a nanocomposite, X;foN-H)’
N=1,2,3, ..., contain information related to the host

medium and to the nanoparticles (NPs) through their respective
NL susceptibilities that contribute for the total response
according to the volume fraction of the NPs.

HONSs of colloids containing silver NPs suspended in lig-
uids were reported in [28] and the NL parameters determined
have been considered in theoretical papers that proposed the
observation of many NL effects in systems with quintic and
cubic-quintic nonlinearity [29]. The experimental observation
of interesting effects, such as spatial-modulation instability

due to pure Xé?f) , and spatial-phase modulation due to Xe(?f)

and ng) , was possible thanks to nonlinearity management
of metal-dielectric nanocomposites [26,27]. Therefore, metal
colloids are strong candidates for demonstration of unique
optical effects. Indeed, varying the volume fraction, f, of
the metallic NPs in a colloid it is possible to suppress
or enhance the contribution of a specific nonlinearity. In
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particular, for silver NPs in acetone, when f = 1.6x1072,
the third-order refractive nonlinearity is suppressed due to
the opposite NL contributions of the host and the NPs. This
result is independent of the laser intensity but depends on
the laser frequency through the dielectric functions of the
nanocomposite constituents [26,27].

In the present paper we exploit the procedure presented
in [26,27] and report the propagation of spatial solitons in
a quintic-septimal nanocomposite. By varying the volume
fraction of silver NPs suspended in acetone it was possible
to manage the colloid NL response to obtain Rexe(?f) =0,
Rexe(gf) > 0, and Reng) < 0, and to observe the propagation
of (241)D bright spatial solitons. Robust spatial solitons
propagating by ~10 Rayleigh lengths were observed due to
simultaneous contributions of the fifth- and seventh-order sus-
ceptibilities using the scattered light imaging method (SLIM)
[30]; the behavior of the propagating optical pulses was
described by numerical solution of the cubic-quintic-septimal
nonlinear Schrodinger-type equation with appropriate relative
contributions of ngNH), N = 1-3, for different f values.
When f = 1.6x 107 the propagation equation reduces to the
quintic-septimal NL Schrodinger-type equation, also including
the imaginary parts of the susceptibilities.

II. EXPERIMENTAL DETAILS

The samples containing silver NPs were synthesized ac-
cording to the methods described in [28,31]. Colloids with
f=0.5%x107>, 1.6x 107>, and 2.5x 107> were prepared by
adding 20, 33, and 43 ul of the Ag NP-water suspension in 1 ml
of acetone. The linear absorption spectra of the samples were
typical of colloids with silver NPs presenting the localized
surface plasmon resonance (LSPR) at ~400 nm [26-28,32].
The measured LSPR linewidth of ~50 nm indicated that the
samples prepared have homogeneous NP size distribution and
this was corroborated by transmission electronic microscopy
that identified an average diameter of (9.0 £ 2.2) nm. The

NL refractive indices, nyy o Rexe(?fNH), and NL absorption

coefficients, oy Imxé?fNH), were measured applying the

Z-scan technique using the setup described in [26,27]; their
behavior as a function of f was linear, as in the previous
measurements [26—28].

The experimental setup for investigation of bright spatial
solitons is illustrated in Fig. 1. The second harmonic of a
Q-switched and mode-locked Nd:YAG laser (80 ps, 10 Hz,
532 nm) with maximum pulse energy of 10 uJ was used.
The control of the incident beam power on the sample was
made with a A/2 plate followed by a Glan prism. A spatial
filter was used to obtain a beam with a nearly Gaussian spatial
profile corresponding to the beam quality factor M? = 1.1. The
metal-colloid sample was contained in a quartz cell (length:
10 mm). A 1-cm focal length lens was used to focus the beam
at the input face of the quartz cell, producing a beam waist of
~7 um with Rayleigh length of ~0.25 mm.

The spatial profile of the propagating beam along the sample
was characterized following two complementary procedures.
The first procedure was used in [25,33] and consists in
capturing the transverse profile of the beam emerging from
the sample by placing a charge-coupled device (CCD) camera
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FIG. 1. (Color online) Experimental setup. Polarizer (P); mirror
(M); spatial filter (SF); spherical lens with f = 10 mm (L1). The
CCD1 camera was used to obtain the transmitted beam spatial profile.
Cylindrical lenses with f = 40 mm (CL1) and f = 80 mm (CL2),
and CCD2 were used in the SLIM setup. Sample length: 10 mm.

(1360x 1024 pixels) in the far-field region, aligned with the
beam-propagation axis. The second procedure was based
on the scattered light imaging method (SLIM) [30]. This
method allows the observation and characterization of the
beam propagation inside the sample by monitoring the light
scattered in the direction perpendicular to the beam axis. To
perform measurements an imaging optical system, consisting
of two cylindrical lenses oriented with orthogonal axes and a
CCD camera, were used as shown in Fig. 1. Lenses with 40-mm
and 80-mm focal lengths focusing on the y axis (transverse
direction) and z axis (the beam-propagation direction) were
used to obtain an image magnification of 7 and %, respectively.
More details on the imaging system are given in [30].

III. RESULTS AND DISCUSSION

The experiments were performed with various laser inten-
sities to investigate the formation of the bright spatial solitons.

Figures 2(a)-2(c) summarize the beam radius measure-
ments obtained according to the first procedure as a function
of the incident intensity. The data were collected after the
beam passed through a 2-mm-long sample. A telescope with
magnification of 5 was placed in front of the CCD camera
in order to obtain an image of the exit plane of the sample
over a large detection area. The black dots represent the
experimental data while the red lines were obtained by
solving the NL propagation equation as described below.
For I < 10 GW/ cm? the beam radius does not change much
for the three volume fractions and its value is equal to that
of a beam propagating in a linear host medium with linear
refractive index equal to 1.36; the small changes are only
due to the linear diffraction. For I > 10 GW/cm? a gradual
decrease in the beam radius size is observed due to the samples’
nonlinearity, reaching a minimum radius for I &~ 60 GW /cm?,
as shown in Figs. 2(b) and 2(c). The minimum radius reached,
w ~ 7 um, is equal to the input beam waist. The behavior
shown in Fig. 2(b), where a beam waist remains constant
for I > 60 GW/ cm?, indicates the formation of stable spatial
solitons.
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FIG. 2. (Color online) Dependence of the transmitted laser beam
radius as a function of the input intensity for (a) f; = 0.5x1073,
(b) f» =1.6x107%, and (c) f3 = 2.5x 107> using a 2-mm-long cell.
A CCD camera acquired the beam profile at the output face of the
cell; for (d) fi, (e) f>, and (f) f3 using a 1-cm-long cell. The CCD
camera was placed 7 cm away from the output face. The red solid
lines represent theoretical results obtained from Eq. (1) taking into
account the beam diffraction in the propagation from the cell to the
camera.

Figures 2(d)-2(f) show similar results using a 1-cm-long
sample. The CCD camera was placed 7 cm away from the exit
face of the cell to exploit a large detection area. A similar be-
havior of the beam radius as a function of the incident intensity
was observed for the three volume fractions, with minimum
beam radius of w ~ 750 um, recorded by the camera posi-
tioned in the far-field region, for / ~ 60 GW/ cm?. Numerical
results were obtained by solving the NL propagation equation
using the parameters determined by Z-scan measurements for
each f value, considering a light propagation distance of 2 mm
inside the cell corresponding to Figs. 2(a)-2(c); the results
shown in Figs. 2(d)-2(f) were obtained by considering the
light propagation inside the 10-mm cell and 7 cm in the free
space where the beam suffers only linear diffraction.

The results shown in Figs. 2(a) and 2(d) for I <
20 GW/cm? are essentially due to Xé?f) while Figs. 2(b) and
2(e) correspond to a colloid with NL behavior dominated by
Rexe(ff) >0 and Rexe(zf) < 0, with Rexe(:-f) = 0. Figures 2(c)
and 2(f) show results contributed by Xe(?f) , Xe(?f) , and Xe(Zf) ,
as characterized in [26,27]. For intensities larger than
20 GW/cm? the contribution of ng) becomes relevant
in all cases illustrated by Fig. 2. The corresponding
values of the effective NL parameters, determined us-
ing the Z-scan technique, were n, = +1.7x10713 cmz/W,
ns = +1.3x107% cm*/W?, and ng = —2.0x 1073 cm®/W3
for f =0.5x107; ny =0, ny = +3.2x107% cm*/W?, and
ng = —7.0x1073 cm®/W? for f =1.6x107>; and n, =
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FIG. 3. (Color online) Transverse beam images: (a) experimental
data obtained using the SLIM and (b) numerical results obtained from
Eq. (1), for f = 1.6x1075.

—1.3x107% ecm?/W, ny = +7.0x107% cm*/W?, and ng =
—1.1x1073* cm®/W? for f =2.5x1075.

Figure 3(a) shows transverse beam images for f =
1.6x107 with intensities varying from 7 GW/cm? to
85 GW/cm?, obtained using the SLIM. Notice the formation
of bright solitons for intensities higher than 20 GW /cm? reach-
ing a maximum propagation distance for I > 70 GW /cm?.

In order to describe the laser beam propagation we solved
numerically the NL equation given by

L OE @ B2 G)) g4
21k¥+AE = —c—z[sxeff|E| E+ 10 |EI'"E

+35xFIEI°E], (1)

where E is the optical field amplitude, A is the trans-
verse Laplacian operator, z is the propagation direction,
k =2mnog/x, X is the laser wavelength, ny is the linear
refractive index, w is the laser frequency, and c is the speed
of light in vacuum. Linear losses were ignored due to the
linear absorption coefficient ¢, at 532 nm for the three
volume fractions discussed above, are approximately two
orders of magnitude smaller than the contributions of oy 1 N
with N =1, 2, 3, for the intensities studied. The expression
inside brackets on the right-hand side of Eq. (1) represents
the total effective NL susceptibility with the numerical
coefficients due to the degeneracy factors for the ith-order
process [34]. The values of Xégf) =—i63x107% (mz/Vz)
and x§) = +3.7x107% +i33x107¥ (m*/V*%), for f =
1.6x 107, were obtained from previous experiments [26,27].
For I <20 GW/cm? the contributions of ng o Rexgg and
ag o Im Xe(t7‘f) were negligible in comparison with the third- and
fifth-order contributions. For I > 20 GW/cmz, the seventh-
order susceptibility becomes relevant and corresponds to
x = (—4.2—i3.5) x107%* (m®/V®) [27].

Figure 3(b) shows the numerical results obtained by solving
Eq. (1), using the split-step compact finite difference method
[35] for the five laser intensities corresponding to Fig. 3(a).
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FIG. 4. (Color online) (a) Experimental and (b) theoretical beam
radius as a function of propagation distance obtained from Fig. 3.
The shaded areas indicate the region of stable soliton propagation
(f =1.6x1075).

The agreement between the numerical and the experimen-
tal results corroborates the observation of (2+41)D stable
soliton propagation with maximum propagation distance for
I > 70 GW/cm?.

Figure 4 shows the variation of the laser beam radius
along the pathway inside the sample with f = 1.6x1073,
determined from the images of Fig. 3, using the SLIM [30].
The experimental results in Fig. 4(a) clearly show that as the
laser intensity increases, the propagation distance at which the
beam waist remains constant also increases. The maximum
propagation distance of ~2.3 mm corresponding to ~10
Rayleigh lengths was observed at the highest input intensities.
The good agreement between the experimental and theoretical
results can be observed comparing the shaded rectangles drawn
in Figs. 4(a) and 4(b).

Results of similar measurements and analysis for f =
2.5%107° are shown in Fig. 5. According to the model
introduced in [27], soliton propagation was not observed for
intensities between 3 and 85 GW/cm” due to the negative
third-order refractive index that dominates the NL response.
Notice that Fig. 5(a) for I > 54 GW/cm? shows a change
in the laser beam radius followed by formation of a new
focus around of z = 2 mm; Fig. 5(b), obtained solving Eq. (1),
displays similar behavior.
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FIG. 5. (Color online) (a) Experimental and (b) theoretical beam
radius as a function of propagation distance for f = 2.5x1075.

For f = 0.5x107° the scattered light intensity was very
weak and transverse beam images based on the SLIM were not
acquired because of the low sensitivity of the CCD camera.

IV. SUMMARY

In summary, we reported the observation and characteri-
zation of stable (2+1)D bright solitons due to simultaneous
contributions of the fifth- and seventh-order susceptibilities
with suppressed third-order refractive nonlinearity. The im-
ages obtained using the SLIM illustrating the laser beam
pathway in the quintic-septimal medium show undoubtedly
the propagation of (2+1)D solitons for approximately 10
Rayleigh lengths. Good agreement between the experimen-
tal and the numerical results based on the optical beam
NL propagation equation was observed for all intensities
studied.
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