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Abstract A method is proposed for nonlinear beam shaping,
employing a non-collinear quasi phase-matched interaction in
a crystal whose nonlinear coefficient is encoded by a com-
puter generated hologram pattern. In this method the same
axis is used for both satisfying the phase-matching require-
ments and encoding the holographic information, the result is
a single shaped beam in the generated frequency. This al-
lows to shape beams in one-dimension using a very simple
method to fabricate patterned nonlinear crystals and to shape
beams in two-dimensions with high conversion efficiency. The
one-dimensional case is experimentally demonstrated by con-
verting a fundamental Gaussian beam into Hermite-Gaussian
beams at the second harmonic in a KTiOPO4 crystal. The
two-dimensional case is demonstrated by generating Hermite-
Gaussian and Laguerre-Gaussian beams in a stoichiometric
lithium tantalate crystal. The suggested scheme enables broad
wavelength tuning by simply tilting the crystal.
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Optical diffraction occurs when a light beam encounters a
periodic structure. Nonlinear diffraction takes place when
this periodicity is in a nonlinear coefficient, for example,
a periodically altered second order nonlinear coefficient
impinged by a pump beam will result in a diffraction pattern
in the second harmonic (SH). Usually the pump propagates
perpendicularly with respect to the grating, thereby leading
to a symmetric diffraction pattern from both sides of the
propagation direction. Schemes for symmetric nonlinear
diffraction were extensively studied in recent years, for the
cases of Raman-Nath [1], Cerenkov [2–4] and Bragg [5,6].
Breaking the symmetry, i.e. entering the nonlinear crystal
at an angle can enlarge the operational bandwidth [7, 8]
and in this case, the resulting diffraction pattern is also
asymmetrical.

Shaping the generated beams in nonlinear interactions
is of great interest, since it can save both cost and space
compared with the alternative approach of first frequency
converting the beam and then manipulating it. In addition,
such shaping techniques open new possibilities for all-
optical control of beam parameters that cannot be achieved
in linear optics [9]. Several approaches for one-dimensional
beam shaping where studied, including shaping of the gen-
erated amplitude [10,11] or phase [12–16]. Arbitrary shap-
ing of both amplitude and phase was demonstrated by us,
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implementing the concept of computer generated hologram
in the nonlinear regime [17]. A common disadvantage to
all the above mentioned schemes is that they require two-
dimensional modulation of the nonlinear coefficient – usu-
ally one axis is used for quasi phase-matching and the sec-
ond axis for beam shaping. This complicates the design
and crystal fabrication, and in addition it poses a limitation
when working with some of the more efficient crystals, e.g.
KTiOPO4. Two-dimensional beam shaping was also stud-
ied recently [18, 19] by working in a transverse setting of
the nonlinear crystal, where both transverse axes are used
for encoding the desired pattern and phase-matching is par-
tially obtained using the nonlinear Raman-Nath [1] scheme.
The disadvantage of this setup is the resultant low nonlinear
conversion efficiency, owing to the partial phase-matching.

In this letter we propose, for the first time to our knowl-
edge, a shaping scheme that provides a solution to both of
the above mentioned problems: It enables 1D beam shap-
ing by 1D modulation of the nonlinear coefficient, and it
enables fully phase matched, and hence efficient scheme
for 2D beam shaping. The suggested method is based on
a non-collinear quasi phase-matched interaction, where a
binary holographic pattern [20] is encoded on the same
crystal axis used for quasi phase-matching. The diffraction
is of an asymmetric nature and hence results with a single
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Figure 1 Shaping nonlinear diffrac-
tion – setup schematic illustration.
Asymmetric nonlinear diffraction for
a periodic crystal (a), a crystal en-
coded with one-dimensional informa-
tion (b) and with two-dimensional in-
formation (d). Symmetric nonlinear
diffraction in a crystal encoded with
one-dimensional information (c). G*
– local reciprocal crystal vector.

generated beam, separated from the fundamental frequency
(FF). In the two-dimensional case the X-axis of the crystal
is used for both quasi phase-matching and encoding the
holographic information, whereas the Y-axis is used only
for the holographic information. The general expression for
the modulation of the nonlinear coefficient, in this case, is
given by,

dN L O (x, y) = di j sign {cos[xG − ϕ(x, y)]

− cos[πq(x, y)]} , (1)

where dij is an element of the quadratic susceptibility χ (2)

tensor, G is the reciprocal vector in the X direction required
for quasi phase-matching, q(x, y) = 1

/
π × asin{A(x, y)},

and A(x, y) exp(iϕ(x, y)) is the Fourier transform of the
desired wave-front in the first diffraction order [20]. For
the process of SH generation G = k2 sin(α)

/
cos(θ ), where

k2 is the wave-vector of the SH beam, α is the angle of
separation between the fundamental frequency (FF) and
SH beams and θ is the angle of FF beam propagation inside
the crystal in respect to the normal to the crystal facet.
θ can be either positive or negative, depending on phase-
matching requirements. This differs from previous schemes
[18,19], where the full vectorial phase-matching condition
was not fulfilled and the result of the nonlinear interaction
was a symmetrical diffraction pattern with a low conversion
efficiency.

In the one-dimensional case only the X-axis is em-
ployed, for both phase-matching and pattern encoding and
the modulation is described by omitting the Y dependence
in Eq. (1). This implementation differs from a previously
presented technique [17], where continuous encoding was
implemented with two-dimensional patterning, the prop-
agation axis was used for collinear phase-matching and
the perpendicular axis for imposing the desired phase on
the generated SH. The method suggested here results with
a much simpler 1D poling process, hence working with
efficient nonlinear crystals with highly non-isotropic pol-
ing behavior, such as KTiOPO4, becomes possible. More-
over, the suggested implementation for both one- and two-

dimensional shaping can be employed for a wide range of
wavelengths by simply tilting the crystal.

Figure 1 shows a schematic illustration of the suggested
setups, in the one-dimensional case, the FF beam is propa-
gating in a tilt with respect to the Y axis of the crystal. The
k-vector diagram is presented to explain the quasi phase-
matching scheme. Part (a) in the figure shows the output
SH at far field for a simple one-dimensional periodic mod-
ulation, part (b) shows the result for encoding an Hermite-
Gaussian (HG) beam, HG20 [21], with the one-dimensional
version of Eq. (1). It is important to note that this technique
can also be implemented for a zero tilt angle, as shown in
part (c) of Figure 1. Whereas in the first two cases a single
beam is generated, in the latter case two beams are gen-
erated symmetrically with respect to the optical axis. Part
(d) in the figure illustrates how the concept of asymmetri-
cal diffraction can be employed for two-dimensional beam
shaping, showing a result for encoding HG11 [21] with Eq.
(1). Symmetrical diffraction pattern with respect to the op-
tical axis in a two-dimensional case is usually not feasible
since this configuration requires sub-micron patterning [22]
of the nonlinear crystal for phase-matching.

To demonstrate the one-dimensional concept we fab-
ricated a crystal aimed to generate two beams of the
Hermite-Gaussian family [21], HG10 and HG20 in the
process of SH generation. The two-dimensional concept
was demonstrated by second harmonic generation of the
Hermite-Gaussian HG11 and the Laguerre-Gaussian LG20
[23] beams. The latter beam is a vortex beam with a topo-
logical charge of +2.

The experimental demonstration for the one-
dimensional shaping was performed on a one-
dimensionally poled KTiOPO4 crystal with a carrier
frequency, G/2π , of 0.1176 μm−1. This frequency phase-
matches an o-eo SH generation of an 1064.5 nm Nd:YAG
laser, with the crystal tilted by 0.206 rad [24] (related with
θ through Snells’ law). Due to encoding, domain widths in
the poled crystal varied between 1.6 μm and 4 μm. The
length of the crystal in the Y direction was 2 mm. The FF
source used was a Nd:YAG laser producing 10 ns pulses at
a 2 kHz repetition rate at a wavelength of 1064.5 nm. The
laser beam was focused to the center of the crystal with a
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Figure 2 Fabricated poling patterns and a comparison between
theoretical and measured SH beam profiles.

cylindrical lens, creating a waist radius of approximately 70
μm and 1 mm in the crystallographic z- and x-directions,
respectively. An additional cylindrical lens was placed at
the output of the crystal. Two-dimensional shaping was
demonstrated on a two-dimensionally poled stoichiomet-
ric lithium tantalate (SLT) nonlinear crystal. 2D poling is
also possible in KTiOPO4 [25] but is much more difficult
owing to the large anisotropy of the crystal. The carrier
frequency in the X direction was 0.125 μm−1, aimed to
phase-match an e-ee SH generation of a 1550 nm pump
at room temperature, with the crystal tilted by 0.86 rad
[26]. Working in this tilted setting allows to use d33 in the
nonlinear interaction, the fraction of FF power taking part
in such interaction is cos2(θ ), where θ is the FF angle.
The processes of o-oo and o-eo SH generation result with
negligible contribution to the total SH power because in
SLT d33 is larger by more than an order of magnitude with
respect to d22 and d24 [26]. Domain widths in the poled
crystal varied between 2 μm and 4.5 μm. The length of
the crystal in the Z direction was 0.5 mm. The FF source
in this experiment was the signal of an optical paramet-
ric oscillator (OPO) producing 4.5 ns pulses at a 10 kHz
repetition rate at 1550 nm. The beam was focused to the
center of the crystal creating a waist radius of approximately
500 μm.

Microscopic pictures of the poling structures on the
crystals are presented in Figure 2, parts (a), (b), (c) and (d).
The high quality of the poling process is evident from the
pictures. The desired HG and LG modes were obtained at
the far field of the SH and a comparison between theoretical
and measured beam shapes is also presented in Figure 2. It
should be noted that the largest variation between measured
and theoretical beam shapes is seen for the vortex beam,
which most probably originates from fabrication variations
in this poled structure.

A comparison between experimental and predicted con-
version efficiencies for the generated beams in both crystals
was conducted, the results are summarized in Table 1. Nu-
merical simulations were performed based on the split-step
Fourier method, with physical parameters identical to those
in the experiment and assuming d15 = 3.7 pm/V [24] for
KTiOPO4 and d33 = 12.9 pm/V [26] for SLT. Simulations

Table 1 A comparison between predicted and measured con-
version efficiencies and beam profile correlation for the measured
beams.

prediction measurement

conv. eff. [%W−1] conv. eff. [%W−1] spatial correlation

HG10 1.39 × 10−5 7.3 × 10−6 0.96

HG20 9.78 × 10−6 7.17 × 10−6 0.96

HG11 7.48 × 10−8 4.85 × 10−8 0.93

LG20 1.03 × 10−7 5.43 × 10−8 0.87

took into account the larger interaction length and reduced
effective nonlinear coefficients caused by the tilted setup
of the crystals. We can estimate the reduction in efficiency
owing to the modulation by comparing with standard pe-
riodically poled crystals. The expected external conversion
efficiency for a periodically poled KTiOPO4 crystal, such
as presented in Figure 1 part (a), is 2.88 × 10−5%W−1, i.e.
2–3 times larger than the predicted efficiency for generating
HG10 and HG20 beams. A similar reduction in efficiency is
obtained in SLT, in which the efficiency of a periodically
poled crystal is 2.34 × 10−7%W−1. The observed reduction
in efficiency due to modulation is expected since both mod-
ulation and phase-matching are implemented on the same
axis in both crystals. In addition, Table 1 also summarizes
the spatial correlation between measured and theoretical
beam shapes.

An advantage of the suggested scheme in KTiOPO4 is
the wide range of temperatures in which this device op-
erates, since the temperature change only leads to a small
change in the angle of the generated beam. The device ex-
hibits an almost constant output power in the examined
range of 25◦C – 150◦C. In both crystals, the advantage of
working with an asymmetric scheme is the flexibility of
the chosen work point, i.e. phase-matching is achieved for
different crystal tilt angles at different pump wavelengths.
This flexibility is demonstrated in Figure 3, where the re-
quired crystal tilt angle versus FF wavelength is presented
for the two materials, KTiOPO4 and SLT, at room temper-
ature, for two different poling periods. Tunability of more
than 200 nm is achieved in both cases, by simply changing
the tilt angle.

It’s important to note that the suggested technique is
not limited only to Hermite-Gaussian or Laguerre-Gaussian
beams and any arbitrary one- and two-dimensional mod-
ulation can be generated in the SH, e.g Airy beam
[12], Parabolic beam [27], etc. Also, it is now possi-
ble to implement a two-dimensional lens in the nonlinear
process, previously demonstrated only in one dimension
[13, 14].

A comparison between measured conversion efficiency
for one-dimensional shaping in the presented method and
the previously presented technique [17], when taking into
account the different interaction lengths and different non-
linear coefficients, shows an improvement by a factor of 2.
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Figure 3 Possible work points in asymmetrical
diffraction in an o-eo SH generation in KTiOPO4

at two different carrier periods (a) and e-ee SH
generation in SLT (b).

The improvement is due to the fact that in the present
method SH power is only concentrated in the shaped
diffraction order. A comparison for the two-dimensional
shaping case, comparing results in this letter and reported
results in Ref. 18, taking into account the different FF beam
waist, shows a dramatic improvement of 5 orders of mag-
nitude. This emphasizes the advantage of the asymmetrical
diffraction scheme. An additional option for achieving effi-
cient two-dimensional beam shaping is working with two-
dimensionally patterned nonlinear slanted crystals [28]. In
this case the nonlinear interaction would be collinear, the
propagation axis would serve for both phase-matching and
encoding holographic information and the perpendicular
axis for encoding only.

The nonlinear process described here is non-collinear
and the pattern described in Eq. (1) does not depend on
the tilt angle of the crystal. It is hence important to state
the geometrical limitations of the chosen work point in
terms of tilt angle, crystal length and the beam waist of the
pump. We studied the influence of the above parameters
by examining the simulated spatial correlation for the case
of generating an HG20 beam in KTiOPO4. We empirically
derived the following condition, set for a spatial correlation
higher than 90%, L × tan(θ ) ≤ 0.45w0, where L is the
length of the crystal in the direction of propagation, θ is
the angle of the pump beam propagation inside the crystal
(related with the crystal tilt angle through Snells’ law) and
w0 is its’ waist. The experiments we report in this letter
fulfill this condition – for SLT L × tan(θ )/w0 is 0.38, and
for KTiOPO4 it is 0.23.

In conclusion, we have presented and experimentally
demonstrated a scheme for one- and two-dimensional
beam shaping in nonlinear wave mixing based on non-
collinear phase-matching. This is achieved by introducing
both phase-matching and encoded information on the same
crystal axis. The concept was demonstrated by convert-
ing a fundamental HG00 Gaussian beam light into HG10,
HG20, HG11 and LG20, beams at the second harmonic. In
the one-dimensional case the scheme requires a simple one-
dimensional poling pattern to efficiently shape the result of
the interaction. In the two-dimensional case the scheme of-
fers a major improvement in conversion efficiency of the
shaping process. In both cases, working with a wide range
of pump wavelengths is possible by changing the tilt angle
of the crystal.
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