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Recently, the first experimental observation of a new class of
non-diffracting optical beams that freely accelerate in space
was reported1. These so-called Airy beams were shown to be
useful for optical micro-manipulation of small particles2 and
for the generation of curved plasma channels in air3. To date,
these beams have been generated only by using linear diffrac-
tive elements. Here, we show a new way of generating Airy
beams by using three-wave mixing processes, which occur in
asymmetric nonlinear photonic crystals. We experimentally
generated a second-harmonic Airy beam and examined the
tuning properties of the nonlinear interaction and propagation
dynamics of the pump and second-harmonic output beams.
This nonlinear generation process enables Airy beams to be
obtained at new wavelengths, and opens up new possibilities
for all-optical switching and manipulation of Airy beams.

Airy wavepackets were first predicted by Berry and Balazs4 in the
context of quantum mechanics as a free-particle solution of the
Schrödinger equation. The envelope of these wavepackets is
described by Airy functions, centred around a parabolic trajectory
in space. The Airy wavepacket is the only non-spreading solution
in one dimension. Its unique acceleration property is attributed to
the caustic of the wavepacket and not to the centre of mass, so the
acceleration does not contradict Ehrenfest’s theorem.

The theoretical background to the generation of optical Airy
beams was only recently presented5, followed soon by their first
experimental observation1. The ballistic dynamics of the beams,
together with their facility to bypass obstacles, were examined6.
Their special self-healing properties, that is, self-restoration of
their canonical form after passing small obstacles, have been theor-
etically and experimentally demonstrated2,7. The dynamics of the
first and second moments of these beams under different excitation
parameters have also been studied8, and it has been shown that,
according to Ehrenfest’s theorem, the centre of mass moves in a
straight line but the local features of the beam show a nonlinear
lateral shift. It has also been shown that the linear and angular
momentum of these beams change during propagation, and the
total momentum and energy are conserved9.

To date, all studies have examined Airy beams generated by
linear diffractive elements. In this work we investigate a novel
type of Airy beams generated by three-wave mixing (TWM) pro-
cesses, taking place in an asymmetrically modulated quadratic non-
linear optical media. The asymmetric structure induces a cubic
phase front to the generated TWM output, for which the Fourier
transform is an accelerating Airy beam1.

Quasi-phase matching (QPM) in quadratic nonlinear photonic
crystals10,11 has attracted a great deal of interest in recent years,
mainly due to the major improvements in poling technology that
have enabled us diverse types of one- and two-dimensional non-
linear structures12–14 with sub-micrometre resolution to be both
designed and engineered15. The generation of Airy beams by

quadratic nonlinear processes opens up new possibilities to
control and manipulate their properties16,17.

To generate the Airy beam we designed and fabricated an asym-
metric quadratic nonlinear photonic structure with the following
space-dependent quadratic nonlinear coefficient:

xð2Þðx; yÞ ¼ dijsign½cosð2pfxx þ fc y3Þ� ð1Þ

where dij is an element of the quadratic susceptibility x(2) tensor, fx is
the spatial frequency of the modulation in the beam’s propagation
direction, and fc represents the strength of the cubic modulation in
the transverse direction. An illustration of the structure and the
unique conversion process is shown in Fig. 1. This binary modulation
function can be expanded to a series of oscillating terms with a
dominant first-order term equal to (2/p)exp[+i(2pfx xþ fc y3)].

For simplicity we consider a two-dimensional second-harmonic
generation (SHG) problem with a plane pump wave that propagates
in the x-direction, and generation of a collinear second-harmonic
wave with an arbitrary envelope as follows:

E1ðx; yÞ ¼ A1eik1x; E2ðx; yÞ ¼ A2ðx; yÞeik2x ð2Þ

where A1 and k1 (A2 and k2) are the amplitude and wavevector of the
first-harmonic (and second-harmonic) wave, respectively. By insert-
ing the first-order term of the structure to the nonlinear wave
equation we obtain

r2A2ðx; yÞ þ k2
2A2ðx; yÞ ¼ �CA2

1eið2k1�k2þ2pfxÞxþifcy3

ð3Þ

y

x

40 μm

2ω

ω

−χ(2)

+χ(2)

a

b
Optical Fourier tr

ansform

Figure 1 | Nonlinear generation of Airy beams. A Gaussian pump is

converted to a second-harmonic Airy beam in an asymmetric nonlinear

photonic crystal. v is the angular frequency of the Gaussian pump beam.

a, Microscope photograph of the C2 facet of the quadratic crystal, after

selective etching (which reveals the inverted domain pattern). The x- and

y-axes were rescaled for viewing purposes and are not comparable.

b, Profile photograph of the green second-harmonic Airy beam.
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where C is a nonlinear coupling coefficient. The right-hand side of
this equation is the nonlinear polarization source. In collinear QPM
conditions, the difference between the wavevectors of the second-
harmonic and fundamental waves satisfies a momentum conserva-
tion law, k2 2 2k1¼ 2pfx , so the polarization source oscillations in
the propagation direction are reduced and a build-up of a second-
harmonic wave with a cubic phase front occurs that results from
the transverse component of the polarization source term.
Performing an optical Fourier transform, for example, using a
lens, on the TWM output (second-harmonic in this case), results
in the Airy beam1,5.

We fabricated the suggested structure by two-dimensional poling
of a stoichiometric lithium tantalate (SLT) nonlinear crystal (see
Methods) and generated an Airy beam at the second-harmonic of
a single-mode Gaussian Nd:YLF pump. A microscope photograph
of the modulated nonlinear crystal after selective etching and a
photograph of the green second-harmonic Airy beam profile at
the far field are shown in Fig. 1, insets (a) and (b). Using a pump
wave with 3.6 kW peak power we measured a second-harmonic
wave with a peak power of 42 W, giving an internal conversion effi-
ciency (without Fresnel reflections at the crystal facets) of 8.2�
1026 W21. In addition, we performed an optical Fourier transform
to the output of the nonlinear photonic crystal, using a lens of
100 mm focal length, and recorded the propagation dynamics of
the Fourier transformed pump and second-harmonic waves, as
shown in Fig. 2 (see Methods).

The output pump wave has Gaussian beam propagation
dynamics with slight intensity modulations that might be caused
by small linear variations in the crystal due to the poling process.
The output second-harmonic beam shows the propagation
dynamics of a truncated Airy beam, that is, nearly non-diffracting
and freely accelerating to one side. The size of the first lobe at the
focal point of the lens was 147 mm.

The measured temperature tuning properties of the nonlinear
interaction were compared to a split-step Fourier numerical simu-
lation (see Methods and Fig. 3). The maximum conversion efficiency
achieved by this structure was calculated to be�0.9 of the maximum
conversion efficiency achieved by a conventional one-dimensional

periodically poled structure under the same experimental configur-
ation. The inset shows the intensity pattern of the main phase match-
ing lobe versus the temperature of the crystal, and Fig. 3b shows the
experimental results. Note that for different phase matching con-
ditions we obtain beams with slightly different profiles. This affects
the propagation dynamics of the different output beams, as we
discuss in the next paragraph. Figure 3c shows the numerical and
experimental efficiency tuning curves, which are similar in shape to
conventional temperature tuning curves10,12. The temperature of
maximum intensity was 157 8C in the simulation and 120 8C in the
experiment, possibly resulting from slight inaccuracies in the dis-
persion equation. Nevertheless, there is good agreement between the
simulated and measured tuning properties.

The nonlinear response provides new possibilities for manipulat-
ing and controlling Airy beams that cannot be achieved using linear
optics. One option, shown in Fig. 4, is all-optical shaping of the
caustic of the Airy beam. We simulated the propagation properties
of the second-harmonic output at different phase-matching con-
ditions, that is, different temperatures or pump wavelengths and
show output results for values that are in the main phase-matching
lobe shown in Fig. 3. It is demonstrated that the caustic property of
Airy beams is maintained even outside phase-matching conditions;
however, for different phase-matching conditions the output beam
peaks at different places along the parabolic trajectory. The peak
intensity values for Fig. 4a–f with respect to a phase-matched inter-
action are 0.05, 0.57, 1, 0.5, 0.21 and 0.12. Shaping of the caustic by
changing the phase-matching conditions of the crystal is a unique
property of the generation of Airy beams using nonlinear photonic
structures and could be applied in fluidic micro-manipulation2 and
in the generation of curved plasma channels3.

Another application of the nonlinear response is to all-optically
control the acceleration direction of the beam by relying on the
physical difference between up-conversion and down-conversion
processes. The phase mismatch values for up-conversion and
down-conversion processes that involve the same three waves are
opposite, so phase-matching terms with opposite signs are required
by the nonlinear structure. This idea was proposed for switching the
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Figure 2 | Recorded propagation dynamics of the optically Fourier

transformed output beams. a, Output first-harmonic (FH) pump beam.

b, Output second-harmonic (SH) Airy beam.
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Figure 3 | Temperature tuning of the nonlinear interaction. a, Simulation of

the second-harmonic beam profile (absolute amplitude values) as a function

of the crystal temperature relative to phase matching point. Inset: main lobe

intensity pattern. b, Experimental results for main lobe intensity pattern at

the far field versus temperature. c, Simulation and experimental curves of

doubling efficiency versus temperature.
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Figure 4 | Shaping the caustic of the generated Airy wavepacket by changing phase-matching conditions (Dw 5 DkL/2). The full intensity profile of the

different panels resembles an Airy beam propagation profile; however, we have eliminated all values lower than half maximum values for viewing purposes.

The left side of each panel is the origin of the Airy beam that propagates to the right. a, Dw¼20.78p; b, Dw¼20.36p; c, Dw¼0.08p; d, Dw¼0.53p;

e, Dw¼0.76p; f, Dw¼0.87p.
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Figure 5 | All-optical control of the Airy beam’s acceleration properties using cascaded nonlinear structures with different periods in the propagation

direction. a, Illustration of the simulated structure in SLT crystal, where L is the poling period of each subsection of the structure. In the simulations we used

L1¼ 7.38 mm, L2¼ 7.75 mm and L3¼ 8.12mm. b–d, Second-harmonic build-up in the crystal for different pump wavelengths and e–g, Respective output

beams at the second-harmonic.
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optical helicity of nonlinearly generated optical vortex beams18. By
examining the polarization source in equation (3) under collinear
QPM conditions in these two cases we obtain

SNL ¼ �C1e+ifcy3

ð4Þ

where SNL is the phase-matched nonlinear source and C1 includes
also the amplitudes of the generating waves. Switching from one
process to another by choosing proper pump beams that satisfy
the corresponding QPM conditions will change the sign of the effec-
tive cubic phase parameter fc and will therefore generate an Airy
beam with an opposite acceleration direction. All-optical control
of the acceleration of the Airy beam can also be achieved by using
cascaded structures with different cubic phase parameter and
slightly different QPM conditions. Slight changes in the wavelengths
of the pump beams can control the origin of the generated Airy
beam and the acceleration, as illustrated in Fig. 5.

In conclusion, we have extended the idea of linear generation of
Airy beams to nonlinear quadratic crystals and demonstrated exper-
imentally, for the first time, the generation of an Airy beam at the
second harmonic of a Gaussian pump laser. Our method allows
the creation of Airy beams at new wavelengths and high intensities
that are not supported by conventional methods. Other possibilities
for obtaining Airy beams at new wavelengths include using non-
linear mode conversion19 or performing the nonlinear wave
mixing of Airy beams at the Fourier plane, which will preserve
the cubic phase of the interaction. In addition to the experimental
realization of an Airy beam by TWM, we have shown by simulations
that the caustic property of the wavepacket is maintained even for
non-phase-matched interactions. Furthermore, we have demon-
strated that the nonlinear generation of Airy beams allows all-
optical control of the caustic and the acceleration properties of the
beams. The nonlinear generation of Airy beams may also enable
Airy beams to be parametrically amplified and may be useful in
new quantum optics applications based on spontaneous parametric
down-conversion. The idea presented here can be extended to other
fields that make use of the QPM technique, for example, to generate
and control extreme ultraviolet Airy beams by quasi-phase-matched
high harmonic generation.

Methods
Fabrication of the crystal. We have used a conventional fabrication technique for
the poling process17,20. The modulation period in the propagation direction 1/fx was
7.38 mm and the cubic modulation coefficient fc was 1.9� 1027 mm23. The size of
the modulated channel was 1� 1 mm2. We weakly focused the pump beam to
the modulated crystal with waist radii of �700 and �45 mm in the crystallographic
y- and z-directions, respectively. The maximum value of cubic coefficient for a
fixed channel width and fixed 1/fx value is limited by the minimum domain
size possible. Using state-of-the-art poling technology15 we can achieve sub-
micrometre domain resolution, which in our configuration will enable us to obtain
fc¼ 123� 1027 mm23—two orders of magnitude larger.

Recording the propagation dynamics and temperature dependence. We placed a
charge-coupled device camera after the focal spot of the lens and captured either the
pump or second-harmonic intensity distributions (using appropriate bandpass
filters) every 0.5 inches. From the photographs we derived the intensity profiles of
the pump and second-harmonic waves. We used the straight trajectory of the pump
to correct small lateral misalignments of the camera at different places along the trail.
These profile measurements were used to produce Fig. 2.

To produce Fig. 3b we captured the far-field output of the crystal for different
temperatures and derived the intensity profiles.

Numerical simulation. We simulated the nonlinear interaction using a split-step
Fourier method21. We divided the modulated crystal into slabs of 2 mm thickness,
and convolved in each slab the generated nonlinear source with the impulse response
of a free-space slab. To examine the propagation dynamics of the output we
calculated its Fourier transform (as was done in the experiments using a lens) and
propagated the transformed output in free space.
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