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Abstract. The properties of quadratic spatial solitons generated in peri-
odically poled lithium tantalite in the femtosecond regime are investigated.
By using only a fundamental frequency beam as the input to excite quad-
ratic spatial solitons, single and spatially anisotropic multiple solitons are
generated. Our experiments demonstrate that the number of solitons is
dependent on the input power. In the experiment, beam narrowing occurs
first, leading to single-soliton generation. The threshold for multiple soli-
tons is around 1.5 mW. The number of solitons does not increase indefi-
nitely with input power. Multiple soliton generation only occurs in the input
power range of 1.5 to 6.3 mW. The number of solitons decreases to 1
when the input power is 6.3 mW. The temporal and spectral characteristics
of the spatial solitons are measured by using the GRENOUILLE tech-
nique. © The Authors. Published by SPIE under a Creative Commons Attribution 3.0
Unported License. Distribution or reproduction of this work in whole or in part requires full attri-
bution of the original publication, including its DOI. [DOI: 10.1117/1.OE.52.8.087103]
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1 Introduction
With the development of high power ultrafast lasers, quad-
ratic nonlinear crystals have become widely used in nonlin-
ear optics, and the quadratic spatial soliton is one of the most
intriguing nonlinear effects.1–10 One of the unique features of
quadratic solitons is that they consist of all of the beams
strongly coupled together by the second-order nonlinearity.
Second-harmonic generation (SHG) processes can result in
generation of quadratic spatial soliton. With their particle-
like behavior in interactions and collisions, spatial solitons
have the potential to be used for all-optical data processing,
pattern recognition, and parallel information storage.11–13

The quadratic spatial soliton is different from other types
of spatial solitons. First, the quadratic spatial soliton relies
solely on second-order nonlinearities. Second, the optical
field does not modify any property of the medium. Third, the
self-trapped soliton exists by virtue of the strong interaction
and energy exchange between two or more beams with
different frequencies. In SHG, this means at least one fun-
damental field and at least one harmonic field. The funda-
mental field and the second harmonic (SH) affect each
other via upconversion and downconversion processes when
the solitons overlap. The total electromagnetic energy is con-
served. In SHG, it is common for the energy propagation
directions of the fundamental and harmonic beams to be dif-
ferent. As long as the walk-off distance is less than the gain
length, the fundamental and harmonic beams are locked in
space and copropagate together as quadratic spatial solitons.

The quasi-phase matching (QPM) technique is becoming
increasingly popular. QPM offers a large nonlinearity and
phase-matching capability at convenient wavelengths.
Ferroelectric nonlinear crystal materials which are suitable
for periodic poling include lithium niobate (LiNbO3),
lithium tantalate (LiTaO3), potassium titanyl phosphate
(KTiOPO4), and potassium titanyl arsenate (KTiOAsO4).
These nonlinear crystals are often used in optical parametric

oscillators and frequency doublers, and they are also avail-
able in the form of nonlinear waveguides. Quadratic spatial
solitons generated in periodically poled LiNbO3, KTiOPO4,
and KTiOAsO4 in the picosecond regime have been inves-
tigated.14–20 In this article, quadratic spatial solitons gener-
ated in periodically poled lithium tantalite (PPLT) in the
femtosecond regime are investigated. By using only a fun-
damental frequency beam as an input, we are able to observe
a single soliton and spatially anisotropic multiple solitons.
The temporal and spectral characteristics of the quadratic
spatial solitons are measured by using grating-eliminated no-
nonsense observation of ultrafast incident laser light e-fields
(GRENOUILLE) technique.21,22

2 Theory
Quadratic spatial solitons consist of beams which are
strongly coupled by second-order nonlinearities under the
conditions of wave-vector conservation. Here, we consider a
nonlinear optical system with two beams. One beam is the
fundamental wave (FW) and the other is the generated SH
wave. The evolution of the electric fields with propagation
along z is given by the coupled equations:
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where EFW and ESH are the complex amplitude of the FW
and SH waves, respectively. Δk ¼ 2kFW − kSH is the phase
mismatch. kFW is the wave numbers of the FWand kSH is that
of the SH wave. Δk depends on the wavelength, material
temperature, and polarization of the propagating beam.
The first equation describes downconversion, and the second
one describes upconversion. The terms on the left-hand sides
of the equations describe the change of the complex ampli-
tude of the FWand the SH wave due to diffraction. The terms
on the right-hand sides are the source terms. The generation
of the SH is driven by the term E2

FW. The generated SH is
initially narrower than the fundamental beam. The funda-
mental beam is regenerated via the product E�

FWESH, and
if the SH field is narrower than the fundamental beam,
this regenerated field is also narrower than the part of the
fundamental field that has not been converted to the SH har-
monic. Therefore, both the beams undergo a mutual focusing
effect due to energy exchange. If this occurs over a distance
comparable to the diffraction length, the mutual focusing
effect can result in mutually locked solitons. In general, the
nonlinear solutions consist of a combination of fundamental
and harmonic fields. However, these solutions are not stable
and any noise perturbations will cause both beams to break
up into multiple spatial solitons.

3 Experiments
The experimental setup is shown in Fig. 1. A Ti:sapphire
regenerative amplified laser system generates 120-fs pulses
with a central wavelength of λ ¼ 800 nm, and the pulses’
repetition rate is 1 kHz. To achieve a high degree of coher-
ence, a spatial filter is applied. The laser power is controlled
by an attenuator. The laser is polarized parallel to the c axis
of the PPLT in order to use its largest quadratic nonlinear
coefficient d33. The beam is focused onto the entrance sur-
face of the PPLT sample by a converging lens with a focal
length of f ¼ 10 cm. The spot diameter of the focused beam
is 25 μm, which is equivalent to about three diffraction
lengths along the propagation axis. The PPLT is fabricated
by using the electric-field-poling technique. The poling
period is 8.64 μm. The PPLT crystal is 15 mm long and
0.5 mm thick, and it is mounted on a temperature-controlled
oven. In the experiment, a magnified image of the output
beam at the exit surface of the PPLT crystal is recorded by
a charge-coupled device (CCD) camera connected to a beam
analyzer. Two different filters are alternately introduced to
select either the FW or the SH beam.

4 Results and Discussion
In the experiment, for a sufficiently high fundamental input
power, energy is quickly converted to the SH wavelength,
and the two fields then evolve toward a quasi-steady state.

This quasi-steady state is accompanied by reshaping and
self-trapping of waves and corresponds to the birth of a quad-
ratic spatial soliton.

The SH power efficiency as a function of crystal temper-
ature is shown in Fig. 2. Crystal temperature is controlled by
an oven with a temperature stability of 0.10°C. The input FW
power is on the order of several milliwatts in order to satisfy
the low-depletion-limit condition. The phase-matching tem-
perature is 224°C. The full width at half maximum bandwidth
temperature is about ΔT ¼ 60°C, which is highly advanta-
geous for maintaining the energy stability of the soliton. The
experiments are performed at a temperature of 200°C, corre-
sponding to a phase mismatch of ∼43π for z axis propagation.

A typical method for verifying soliton formation is to
compare the input and the output beam sizes. For our expe-
rience, the measured dependence of the output FW beam size
on input intensity is shown in Fig. 3. The solid circles and the
line in Fig. 3 are the measured data and the fitted curve,
respectively. The FW becomes self-trapped when the
input power is 0.4 mW. Two solitons appear when the input
power is 1.5 mW. At a sufficiently high fundamental input
power, extra multiple solitons appear.

Figure 4 shows the experimental results for single-soliton
generation for three different input powers. The calculated

Fig. 1 Schematic of experimental setup.
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Fig. 2 Second harmonic (SH) power as a function of the sample
temperature.

0.0 0.2 0.4 0.6 0.8 1.0 1.2 1.4 1.6

125

100

75

50

 Measured data
 Fit

 B
ea

m
 s

iz
e

Input power (mW)

25

(µ
m

)

Fig. 3 Dependence of the output fundamental wave (FW) beam size
on the input intensity.
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evolution of the fundamental and harmonic beams for differ-
ent input powers is shown in Fig. 5. A circular input beam is
assumed in the calculation. The radiation cones appear
approximately as circles with specific radii centered on the
beam axis. In the process of soliton formation, the excitation

conditions might be very far from the stationary soliton
solutions, and large amounts of radiation might be emitted.
Additional solitons can be generated from the radia-
tion.4,9,11,21 Increasing the input power leads to multisoliton
generation. The output multiple-soliton patterns can be ran-
dom due to spatial or temporal noise introduced by the inci-
dent femtosecond pulsed beam. The multiple-soliton patterns
of the SH wave pumped with different input powers are dem-
onstrated in Fig. 6. Multiple-soliton generation can be clearly

Fig. 4 Single-soliton generation: (a) fundamental and (b) SH output patterns.

Fig. 5 Calculated evolution of (a) the fundamental beam and (b) har-
monic beam for different input powers.

Fig. 6 SH multiple-soliton generation output patterns pumped with
different input powers. (a) 1.8 mW, (b) 2.9 mW, (c) 4.2 mW, (d)
4.8 mW, (e) 5.2 mW, and (f) 6.3 mW.
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seen, and the output patterns consist of irregularly shaped
beams, where several beams exist at the same time with the
potential to interact and merge. What happens at the FW in
the region of 1.8 to 4.8 mW is similar to that of what the SH
does, and not provided here for brevity.

There is an evidence for multisoliton generation at input
powers of about 1.5 mW and higher. In Fig. 6(a), the pre-
dominant pattern consists of two localized beams aligned
horizontally. Two well-defined and separated soliton spots

appear. At higher input power, three and five solitons are
generated as shown in Fig. 6(b) and 6(c). Much more com-
plex and chaotic output patterns appeared with a further
increase in the input power as shown in Fig. 6(d) and 6(e),
and the soliton-like spots were no longer nicely shaped.
With further increasing input power, the number of solitons
decreases to 1 as shown in Fig. 6(f). Here, additional solitons
are prohibited from escaping from the propagation axis,
resulting in single-soliton generation again. The different

Fig. 7 (a) Measured trace, (b) retrieved trace, (c) temporal profile and temporal phase, and (d) spectrum and spectral phase of a FW spatial soliton
with a pump power of 0.8 mW.
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patterns in Fig. 6 are driven by the inherent spatiotemporal
dynamics generated in the upconversion and downconver-
sion processes, and a small amount of spatiotemporal noise
can lead to multiple solitons into random patterns.21–24

All the images exhibit irregular shapes and the different
spots carry different energies. Multiple solitons were
observed near phase matching, which might attribute to
anisotropic diffraction in crystal and asymmetries in the
input beam. For near the phase-matching condition in a

biaxial crystal, the SH Poynting vector is not parallel to
that of the FW. Because the energy exchange between the
FW and SH depends on their overlap in space, this leads to
a distortion of both beams along the walk-off direction. The
refractive index surfaces for the FWand SH touch each other
for propagation along a crystal axis. However, the local radii
of curvature of the surfaces are spatially anisotropic. As
a result, both the diffraction and the phase mismatch are
spatially anisotropic and increase differently with angular

Fig. 8 (a) Measured trace, (b) retrieved trace, (c) temporal profile and temporal phase, and (d) spectrum and spectral phase of a SH spatial soliton
with a pump power of 0.8 mW.
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detuning from the two crystal axes. This anisotropy deter-
mines the direction into which spatial solitons are generated
for incident fundamental beams that carry sufficient energy
to generate multiple solitons. If only anisotropic diffraction
in crystal is presented, the images of shapes should be sym-
metrical. However, beam asymmetries and noise contribute
to the variations in the positions and spatial orientation of the
multiple solitons. It has been shown that there is one mecha-
nism which breaks the cylindrical symmetry of the radiation
fields and can lead to multiple solitons forming out of the
radiation cones,10,25 which occurs when an asymmetric
beam is incident, leading to spatially anisotropic up- and
downconversion processes and hence to multiple solitons
being generated. When both the anisotropic diffraction
in crystal and asymmetries in the input beam are present,
the anisotropic diffraction of PPLT and beam shape contri-
butions can either interfere constructively or destructively,

depending on the detailed circumstances.25 The excitation
is pulsed laser, and different parts of the pulse will undergo
different dynamical routes. It can also affect other properties
of multisoliton generation.10

The dependence of the number of solitons is demon-
strated experimentally to have complex input intensity
dependence. It does not increase indefinitely with intensity,
but multisoliton generation only occurs in a range of input
powers. The threshold for multisoliton generation depends
on the magnitude of the beam ellipticity.10 For a given crystal
length, there is a well-defined threshold for the onset and
disappearance of multisoliton generation. Inphase solitons
are formed near the incident beam axis and they experience
attractive forces and energy exchange with both the central
soliton and each other due to their small initial separation.
They are also formed with the transverse momentum asso-
ciated with the diverging radiation. Thus, their subsequent
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Fig. 9 Temporal profile and temporal phase of multiple SH spatial soliton with a pump power of 4.2 mW as shown in Fig. 6(c). (a) A-pulse width
126 fs, (b) B-pulse width 125 fs, (c) C-pulse width 125 fs, (d) D-pulse width 123 fs, (e) E-pulse width 127 fs.
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dynamics involves a trade-off between this initial transverse
momentum and the attractive forces. As a result, it is even
possible for the central soliton to be eliminated completely
and all of the self-trapped energy to appear in the satellite
solitons. As the input intensity increases, the attractive forces
become stronger and the divergence becomes weaker. For
large enough incident intensities, the attractive forces are
strong enough to force all of the localized beams to collapse
back to the center soliton.25

In the experiment, the temporal and spectral characteris-
tics of the spatial solitons are also measured by using the
GRENOUILLE technique. Figure 7 shows the results for
a fundamental soliton with a pump power of 0.8 mW.
Figure 7(a) and 7(b) shows the measured and retrieved
traces, respectively. The temporal profile and phase are illus-
trated in Fig. 7(c), and the pulse width is 121 fs. This indi-
cates that the temporal pulse compression and quasi-
spatiotemporal solitons cannot be generated in uniform
PPLT. The pulse compression and shaping can be obtained
only by nonuniform or chirped quasi-phase-matching gra-
tings.26–28 Figure 7(d) shows the spectrum and spectral
phase, the spectrum is centered at 800 nm, and the spectral
width is 8.7 nm.

The temporal and spectral characteristics of an SH spatial
soliton generated with a pump power of 0.8 mWare shown in
Fig. 8. Figure 8(a) and 8(b) shows the measured and retrieved
traces, respectively. The temporal profile and phase are illus-
trated in Fig. 8(c) and the pulse width is 125 fs. Figure 8(d)
shows the spectrum and spectral phase, where the spectrum
is centered at 400 nm and the spectral width is 2 nm.

Figure 9 shows the temporal profile and phase of each of
the solitons in Fig. 6(c) labeled a, b, c, d, and e. The temporal
widths of the multiple spatial solitons are 126, 125, 125, 123
and 127 fs, respectively; these temporal widths are in better
agreement with that of a single soliton. The minor difference
of temporal widths of multiple solitons might attribute to ran-
dom error. The traces and spectrum are abbreviated for
clarity. The spectra of the multiple soliton are all centered
at 400 nm, and the spectral widths are all centered at 2 nm.

5 Conclusions
The generation of single and multiple quadratic spatial sol-
itons in PPLT in the femtosecond regime is investigated. It
has been shown that the generation of multiple quadratic sol-
itons in PPLT is a complex process, which is a consequence
of using a fundamental beam only at the input. The addi-
tional solitons are formed by the off-axis, anisotropic soli-
tons. This leads to a complex behavior involving a
minimum intensity threshold for multisoliton generation and
an upper threshold after which only single solitons are
obtained. In this experiment, beam narrowing occurs first,
leading to single-soliton generation. The threshold for multi-
ple-soliton generation is around 1.5 mW. Two well-separated
solitons are generated when the input power is 1.8 mW.
Three solitons appear around an input power of 2.9 mW. Five
solitons are formed around an input power of 4.2 mW. The
number of multiple solitons does not increase indefinitely
with input power. As the input power continues to increase,
it is observed at an input power of 6.3 mW that the number of
solitons decreases to 1. The temporal and spectral character-
istics of the spatial solitons are also presented.
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