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Nonlinear computer-generated holograms
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We propose a novel technique for arbitrary wavefront shaping in quadratic nonlinear crystals by introducing the
concept of computer-generated holograms (CGHs) into the nonlinear optical regime. We demonstrate the method
experimentally showing a conversion of a fundamental Gaussian beam pump light into the first three Hermite—
Gaussian beams at the second harmonic in a stoichiometric lithium tantalate nonlinear crystal, and we characterize
its efficiency dependence on the fundamental power and the crystal temperature. Nonlinear CGHs open new
possibilities in the fields of nonlinear beam shaping, mode conversion, and beam steering. © 2011 Optical Society

of America
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Holography is a method for storing and reconstructing
the amplitude and phase of a wavefront from an illumi-
nated object [1]. Rather than using a real object, it was
proposed in 1966 by Brown and Lohmann [2] to compute
and print the required pattern of the hologram. When a
light beam is sent through a computer-generated holo-
gram (CGH), the far-field diffracted wavefront has the de-
sired amplitude and phase. In 1967, Burch [3] described
the following coding method for the amplitude transmit-
tance function of a CGH:

(1)

where A(x,y) and ¢(x,y) are the amplitude and the
phase, respectively, of the Fourier transform (FT) of
the desired wavefront in the first diffraction order, and
Sfeamier 18 the frequency of the carrier function. A(x,y)
is normalized to the range 0-1, and ¢(x, y) is in the range
0-27.

The ability to shape a generated wave in nonlinear con-
version adds functionality and opens exciting new possi-
bilities in nonlinear optics. For example, it enables all-
optical self-routing and self-shaping of beams, whereby
the obtained shape or direction depend on the phase-
matching conditions [4,5]. Moreover, it should be noted
that the alternative approach of shaping a beam in the
fundamental frequency (FF) and then trying to frequency
convert it would usually not work, except for some very
simple cases [6], owing to the difficulties of maintaining
the phase-matching requirements with non-Gaussian
beams. Previous demonstrations of nonlinear beam shap-
ing relied on varying the interaction length [7], on intro-
ducing a transverse-dependent phase term in a periodic
structure [4,8], on a nonlinear structure that generated
multiple focal points at the converted frequency [9], or
on nonlinear wave mixing [10]. However, none of these
provided a full amplitude and phase control.

In this Letter we extend, for the first time to our knowl-
edge, the concept of CGH into the nonlinear optical re-
gime. In this case, the second-order nonlinear coefficient
of a crystal is modulated, so that when a fundamental
light beam passes through it, a wavefront with the chosen
amplitude and phase is obtained in the second harmonic
(SH). Unlike its linear counterpart, a challenge that

t(x,y) = 0.5{1 + A(x,y) cos[2af camier® — ¢(%, Y)]},
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appears in the nonlinear CGH is the requirement for
phase-matching of the interacting waves. Moreover, the
main method for modulating the nonlinear coefficient—
electric field poling in ferroelectric crystals [11]—is a pla-
nar method that enables us to utilize only two out of the
three available axes of the nonlinear crystal. The solution
we have devised for overcoming these limitations is to
use one axis—the propagation axis for quasi-phase-
matching, while using one of the transverse axes for im-
posing the amplitude and phase modulation. The two-
dimensional modulation of the second-order nonlinearity
coefficient of a nonlinear crystal is therefore

(2)

where d; is an element of the quadratic susceptibility y(*
tensor, fopy is the spatial frequency of the quasi-phase-
matching in the beam’s propagation direction, and ¢(y) is
the one-dimensional equivalent of Eq. (1), i.e.,

2 (x,y) = dysign{cos2zf gpyx + 7t (y)]},

t(y) = 0.5{1 + A(y) cos[2nf canier¥ — ¢(¥)]}.  (3)

To demonstrate the concept of encoding a CGH in non-
linear crystals, we chose to fabricate a crystal aimed to
generate the first three modes in the Hermite-Gaussian
(HG) family [12], HG(, HG,, and HGs, in the first diffrac-
tion order. The spatial distribution of HG modes propa-
gating in the x direction, which are plane waves in the z
direction and HG modes in the y direction, is

W V2y
X exp {-m ik zg(zx) Fitm+ 1)E@)|. (4)

where A,, is the amplitude and W, and W(x) are the waist
and local beam radii, respectively, G,,(u) is the mth-
order HG function, k is the wave vector, R(x) is the beam
curvature, and £ is the Gouy phase. Because the FT of an
HG mode is the same HG mode, t{(y) was calculated
according to Eq. (4). A schematic illustration of the pro-
posed experimental setup is shown in Fig. 1; parts (a)—(c)
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Fig. 1. (Color online) Schematic illustration of the nonlinear

CGH setup. Simulation results at the far field for (a) HG,
(b) HGy, and (c) HGs.

in the figure show simulations of the far-field images for
each one of the modes.

We fabricated the suggested structure by two-dimen-
sional electric field poling of a stoichiometric lithium tan-
talate nonlinear crystal. The modulation period in the
propagation direction, 1/fqpy, Was 7.87um, designed
to phase-match an e-ee SH generation of a 1064.5nm
Nd:YAG laser at 100 °C [13]. The duty cycle of the crystal
was 30%. The crystal had three separate 2.5 mm wide
channels, with different modulations of the second-order
nonlinearity coefficient, with ¢(y) corresponding to the
three desired HG modes [Eq. (4)]. The length of the chan-
nel designed for HG, was 7.5 mm, and the lengths of the
other two channels were 10 mm. The FF source used was
a Nd:YAG laser producing 10 ns pulses at a 2 kHz repeti-
tion rate at a wavelength of 1064.5nm. An extraordinary
polarized laser beam was focused to the center of the
crystal with a cylindrical lens, creating a waist radius
of approximately 60 ygm and 1 mm in the crystallographic
z and y directions, respectively. An additional cylindrical
lens was placed at the output of the crystal.

The desired HG modes were obtained at the first (left
and right, +1 and -1) diffraction order. The frequency of
modulation in the y direction, f.amicr, Was chosen to be
0.0089 um™1, hence the first diffraction order is obtained
at an external angle of Agyf camier ~ 4.7 mrad, where Agy is
the SH wavelength. Figure 2 presents a comparison be-
tween the theoretical and the measured profiles in the
first diffraction order of the three channels in the crystal.

A detailed comparison between the experimental and
simulated results for the HG; beam is presented in Fig. 3.
Numerical simulation was performed based on the
split-step Fourier method, with physical parameters
identical to the ones in the experiment and assuming
dss = 12.9pm/V [13]. We examined both the total SH

o
Fig. 2. (Color online) Comparison between (a) theoretical and
(b) measured beam profiles at the first diffraction order.
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Fig. 3. (Color online) Comparison between measured (plus-
sign curves) and predicted (solid curves) results: (a) total out-
put power dependence on input power, (b) diffracted output
power dependence on input power, and (c) diffracted output
power dependence on temperature.
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generation and the power of the first diffraction order
as a function of the input FF power, as shown in
Figs. 3(a) and 3(b). The results indicate that approxi-
mately 20% of the total SH power is, in each one of
the two beams, generated in the first diffraction order.
A good agreement was also found between the simulated
and the measured conversion efficiencies of the exam-
ined beams, thereby indicating that the quality of modu-
lation provided by the electric field poling technique is
sufficient for realization of nonlinear CGHs. The compar-
ison between the simulated and measured efficiencies for
the three CGHs is given in Table 1. It is interesting to note
that the predicted conversion efficiency for a conven-
tional 10mm long one-dimensional periodically poled
structure under the same experimental configuration is
2.4 x 1073 %W-1, ie., the same as we observed for the
holograms that generated the HG; and HG,; modes. This
is in fact expected, because the modulation along the Y
axis does not affect the conversion efficiency of the
crystal.

We also checked the temperature dependence of the
nonlinear process—a comparison between measured
and simulated results is presented in Fig. 3(c). The simu-
lated result was shifted by 2 °C to fit the measured result;
a good agreement is seen between the two curves, there-
by indicating that the process is phase matched over the
entire length of the crystal.

In order to validate that the measured beams at the
first diffraction order are indeed HG beams, we evaluated
the M? values of the beams. The M? of a diverging beam
can be calculated using the relation W (x)=
W§, + (M3)?(2/zW,)* (& — 3)?, where W, is twice the
standard deviation (¢, ), which is calculated from the sec-
ond moment of the transverse distribution; x, and W,

Table 1. Comparison between Predicted and Measured
Conversion Efficiencies for the Total and the
Diffracted Second Harmonic

Mode Prediction Measurement
Total SH Mode SH Total SH Mode SH
(W] (W] (W] (W]
HG, 15x1073 3x 104 1.3x 1073 22x 10
HG, 24x1073 5.1x 10 1.8 x 1073 42x10*
HG, 24x1073 5.1x 10 2x 1073 3.9x10




Table 2. Comparison between Theoretical
and Measured M? for the Generated Modes

Mode Theory Measurement
HG, 1 1.69 4+ 0.08
HG, 3 3.27£0.16
HG, 5 5.21 £0.22

are the waist location and size, respectively; and 1 is the
wavelength. The transverse profiles were measured with
a laser beam profiler at the waist, and a few Rayleigh
lengths away, 20, values were estimated calculating
the second moment of the measured profiles. The eval-
uated M? of the Gaussian FF beam is 1.21 4 0.012. Table 2
summarizes the results of the evaluated values of M2 for
the different SH beams; a fair agreement is seen between
the evaluated and theoretical results. The difference be-
tween the values may originate from the ellipticity of the
modes due to the elliptical shape of the FF beam.

Nonlinear CGHs can be used to generate arbitrary
shapes of beams and are not limited only to HG beams.
An additional example of implementing the suggested
nonlinear CGH is the generation of one-dimensional accel-
erating Airy beams [14]. Figure 4 presents simulation
results of the output of an Airy nonlinear CGH. The crystal
is assumed to be 10 mm long, with a duty cycle of 50%; the
frequency of modulation in the y direction, f.imier, 1S
0.0145 um~!. As can be seen, two Airy beams are gener-
ated in the +1 and -1 diffraction orders. The first
diffraction order is obtained at an external angle of
Astif camier ~ 8 mrad, and the total phase deviation imposed
on a 1.4 mm wide beam is —16x to 16z. Figure 4(a) shows
the SH normalized power at the focal plane of a 125 mm
lens placed to perform an optical spatial FT of the crystals
output. Figure 4(b) shows the propagation of the left Airy
beam. The well-known features of this beam, acceleration
and slow diffraction, are clearly observed. Figure 4(c) is a
schematic illustration of the poling pattern of the non-
linear crystal. The predicted internal conversion efficiency
for a single Airy beam in this case is 3.1 x 107> %W-!, for
an elliptical beam with a waist radius of 45 ym and 0.7 mm
in the crystallographic 2 and y directions, respectively.
Previously, we have generated nonlinear Airy beams using
an asymmetric nonlinear photonic crystal [4]. The non-
linear CGH has the advantage of providing two Airy beams
instead of one. Furthermore, these beams are separated
from the fundamental beam that remains mainly in the
zeroth diffraction order.

The suggested nonlinear CGH in this Letter enables
one-dimensional shaping of the wavefront in the first dif-
fraction order; however, the concept of the nonlinear
CGH can also be implemented for two-dimensional shap-
ing by combining a transverse setting of a two-dimension-
ally poled nonlinear crystal [15] with binary CGH
coding [16].

In conclusion, we have extended the idea of CGHs to
nonlinear quadratic crystals and experimentally demon-
strated the concept, for the first time to our knowledge,
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Fig.4. (Color online) (a) Simulation of a one-dimensional Airy
beam generation with a nonlinear CGH, normalized SH output
power at the focal plane of a 125 mm lens placed after the crys-
tal, (b) propagation of the generated Airy beam, and (c) sche-
matic illustration of the modulation of the nonlinear coefficient
in the suggested nonlinear CGH.

by converting a fundamental HG, Gaussian beam pump
light into the first three HG beams at the SH. Further-
more, we demonstrated that nonlinear optical beam
shaping can be employed for any desired wavefront.
The ability to efficiently convert the frequency of light
and to reshape its wavefront will be useful for all-optical
shaping, routing, and switching of beams.
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