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Abstract: Using polymer-dispersed liquid crystals (PDLCs), an electrically 
switchable binary phase pattern was fabricated to generate Airy beams 
through a programmable lithographic system. The right main lobe of the 
reconstructed Airy beam experienced 1.3 mm transverse deflection within 
24 cm propagation distance. With a suitable voltage applied, the binary 
PDLC pattern can be erased due to the index match between polymers and 
liquid crystals. This versatile approach can be also used to generate other 
special beams with electrically tunable capability. 
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1. Introduction 

Diffraction-free beams play an important role in a wide range of applications including optical 
micromanipulation [1,2], super-resolution microscopy and optical coherence tomography etc 
[3]. Examples of diffraction-free waves are Bessel beams [4,5], Laguerre-Gauss beams [6], 
Ince-Gauss beams [7,8], and Mathieu beams [9], which have been studied extensively. Most 
of them are solutions of the paraxial propagation of scalar optical fields in different planar 
geometries. Among these diffraction-free beams, Airy beam, which was analyzed by Balazs et 

al. [10] in 1979 with the context of quantum mechanics, has recaptured attentions recently 
since Siviloglou et al. [11] first introduced finite energy Airy beams with “transverse 
acceleration” property [12–16]. To date, Airy type beams have been extended from 
continuous wave to pulse [17,18] and various applications have also been developed, such as 
particles manipulation [19,20], generation of curved Plasmon channel [21]. 

All the aforementioned Airy beams are generated either by a continuous phase 
modulation, which realized by phase-only liquid crystal spatial light modulator (SLM) 
[12,19,20], continuous transparent phase mask [21], or asymmetric nonlinear photonic 
crystals [22]. Sometimes, these methods are limited by either rather high cost or complicated 
fabrication. In certain applications, such as x-ray Airy beam or surface two-dimensional (2D) 
optics, it is difficult to fabricate a mask with continuous phase modulation. To address this 
issue, binary or multilevel patterns would be a proper alternative. And it becomes necessary to 
characterize the properties of Airy beam generated from a binary phase pattern. 

In this paper, we analyze the propagation properties of Airy beam generated from a binary 
phase-type polymer-dispersed liquid crystal (PDLC) sample, which was formed by 
transferring a computer-generated binary pattern into a cell filled with LC/prepolymer mixture 
through a programmable lithographic system based on a digital micromirror device (DMD). 
PDLC material has been extensively investigated for electro-optical applications [23–29], and 
could be a good candidate to generate special beams with low cost, easy fabrication, and 
compact configuration; moreover, it is electrically tunable. The simulation and experiment 
results show that the “transverse acceleration” property of the Airy beam generated from a 
binary phase pattern is still preserved within a propagation distance except a “twin” lobe 
appeared. 

2. Mask design 

The ideal Airy beam can be expressed as below [12]: 
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 2 3( , ) ( ( / 2) ) exp( ( / 2) ( /12)),s Ai s i s iφ ξ ξ ξ ξ= − −   (1) 

where i is the imaginary unit, φ is the electric field envelope, s = x/x0 represents the 
dimensionless transverse coordinate, where x0 is an arbitrary transverse scale, and ξ = z/kx0

2
 is 

the normalized propagation distance, with k = 2πn/λ0, where λ0 is the wavelength of incident 

light in vacuum, Ai(⋅) denotes the Airy function. According to Eq. (1), such Airy wave 
packets are propagation-invariant with an additional constant “transverse acceleration” [12]. 
The parabolic trajectory is the result of acceleration. The transverse shift of the main lobe of 
the Airy beam, which can be calculated by 

 ( )2 2 2 3

0 0/ 16dx z xλ π≅   (2) 

The finite-energy Airy beam can be optically reconstructed by the Fourier transform function 
Ai(s)exp(as), which is a Gaussian beam modulated with a cubic phase. Figure 1(a) shows the 

2D continuous cubic phase pattern. The phase in our designed pattern varies from −20π to + 
20π within 3.2mm, which has been wrapped between 0 and 2π. The binary pattern was 
designed by setting the value of phase delay [Fig. 1(a)] between 0 and π as minimum gray 
level 0, π and 2π as maximum gray level 255 [Fig. 1(b)]. Figure 1(c) and (d) show the 
reconstructed image from gray pattern and binary pattern using angular spectrum method in 
GWO library [30,31], respectively. 

 

Fig. 1. The gray (a) and binary (b) patterns to generate the Airy beam, and the reconstructed 
diffraction patterns (c) and (d) by numerical simulation, respectively. 

3. Experimental setup and results 

The experimental configuration of programmable lithography system is shown in Fig. 2(a). A 
collimated laser beam (532 nm) impinges onto the surface of a DMD chip (1024 × 768 pixels 
with a pitch of 10.8 µm), which is controlled via a VGA port of computer. The modulated 
beam carrying a binary cubic pattern was recorded in the PDLC through an imaging system 
composed of a convex lens (f = 15 cm) and an objective lens (5 × ). The optical configuration 
to reconstruct the Airy beam from PDLC is depicted by Fig. 2(b). The syrup of 
LC/prepolymer mixture consisted of 54.53 wt% monomer, trimethylolpropane triacrylate 
(TMPTA); 9.06 wt% cross-linking monomer, N-vinylpyrrolidone (NVP); 0.79 wt% 
photoinitiator, rose bengal (RB); 0.98 wt% coinitiator, N-phenylglycine (NPG); 7.87 wt% 
surfactant, octanoic acid (OA); and 26.8 wt% LC E7. The ordinary index, no, and 
extraordinary index, ne, of LC are 1.521 and 1.746 respectively at room temperature. The 
mixture was injected into a LC cell by capillary action. The cell gap was controlled to be 10 
µm. During exposure, the binary cubic pattern displayed on the DMD chip was recorded 
inside the PDLC cell with a scale factor of ~1. The optimized exposure intensity and time 
were 0.7 mW/cm2 and 10 min respectively [27]. 
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Fig. 2. The schematic of DMD programmable lithography system (a), and the reconstruction 
setup (b). 

The PDLC sample with binary patterns was investigated under an optical microscopy first. 
Figures 3(a) and 3(b) show the typical morphologies of the PDLC pattern under an optical 
microscope with and without crossed polarizers. A clear binary pattern was observed with the 
bright areas and the dark areas corresponding to LC-rich and polymer-rich regions, 
respectively. The light passing through LC-rich and polymer-rich regions will experience 
different phase modulation. The size of binary pattern was about 3.2 mm × 3.2 mm measured 
from Fig. 3(a). The phase difference between dark and bright region from Fig. 3(b) was about 
0.3 π estimated by the method described in Ref. 27 and 32. 

 

Fig. 3. Optical microscopy images of the PDLC pattern with (a) and without (b) crossed 
polarizers. 

A simulation was performed to describe the propagation of the Airy beam generated by 
the binary pattern utilizing the numerical method introduced before [30,31]. The simulated 
configuration was set according to the practical experimental setup, with a Fourier transform 
lens (f = 20 cm) and 0.3π phase difference between LC-rich region and polymer-rich region of 
PDLC sample. Figure 4(a) shows the simulation results. We also experimentally recorded the 
dynamic propagation of the reconstructed Airy beam using a well aligned charge-coupled-
device (CCD) camera, which was placed behind the Fourier frequency plane of a spherical 
lens (f = 20 cm) [Fig. 2(b)]. The result was shown in Fig. 4(b). In our experiment, a collimated 
He-Ne laser beam with a diameter of ~1 cm was used to cover the effective working area of 
the PDLC pattern. Due to the intrinsic property of a binary element, a “twin” lobe appeared in 
the reconstructed image from the PDLC pattern. Because of overlap, these two lobes could 
not been distinguished clearly until after 21cm distance propagation. The experiment and 
simulation results were in agreement and showed the preserved “transverse acceleration” 
property of the Airy beam for a binary phase pattern. 

#114389 - $15.00 USD Received 23 Jul 2009; revised 2 Oct 2009; accepted 2 Oct 2009; published 12 Oct 2009

(C) 2009 OSA 26 October 2009 / Vol. 17,  No. 22 / OPTICS EXPRESS  19368



 

Fig. 4. The propagation of Airy beam generated by binary phase mask (a) simulated by GWO 
library (Media 1) and (b) the experimental results (Media 2). 

The transverse shift of main lobe of the reconstructed Airy beam can be calculated from 
sequentially recorded CCD images at various propagation distances via digital imaging 
processing method. Figure 5 shows the transverse trajectory of the local intensity maxima of 
the generated Airy beam as a function of propagation distance. In our experiment, the 
deflection of right main lobe increased from 0.44 mm to 1.74 mm in the transverse direction 
within a 24 cm propagation distance from 24.03 cm to 48.03 cm. The absolutely transverse 
shift was 1.3 mm within 24 cm longitude distance. This value was larger than the reported 
result in Ref [12]. because of the smaller focal length of Fourier transform utilized in our 
experiment. Circles in Fig. 5(a) mark the experimental trace of main lobe of Airy beam. The 
red solid curve in Fig. 5(a) shows the simulated trajectory of the main lobe of Airy beam 
generated from the binary pattern based on beam propagation simulation. The blue dashed 
curve is the simulated trajectory of the Airy beam obtained from a continuous phase mask. 
Figure 5(b) shows the 3D slice demonstration of simulated results. The simulated results 
coincide with experimental results well according to Fig. 5. Therefore, a binary phase pattern 
can be used to not just generate an Airy beam but keep it unique properties as well in a close 
approximation to a continuous phase pattern. 
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Fig. 5. (a)Transverse acceleration of the reconstructed Airy beam as a function of beam 
propagation distance. Circles mark experimental data while the red solid line represents a 
numerical simulating result. The dashed blue line is the simulated trace of Airy beam generated 
from continuous phase pattern. The insets are the intensity profiles of reconstructed the Airy 
beam from PDLC sample recorded by a CCD at distance of (I) 33.03 cm and the corresponding 
simulation result (II). (b) 3D slice demonstration of simulated results. 

As predicted, the 2D Airy beam will experience a transverse shift in both x and y 
directions when it propagates along z direction. However, in our experiments, the binary 
pattern was placed by rotating a 45° angle compared with the pattern described in Ref [12]. As 

a result, there was no shift along the y direction but a shift ( 2
d

x ) along x direction under the 
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frame of laboratory coordinate system. Transverse scale x0 of 77.57 µm was achieved through 
data fitting. 

Usually, PDLC devices are electrically tunable due to the index match between LC-rich 
and polymer-rich regions. In our experiment, electro-optical measurement was also carried out 
by applying a square waveform voltage with a frequency of 1 KHz on the sample from a 
function generator. When the applied voltage exceeded a threshold (2 V/µm), the LC 
molecules started to reorient toward electric filed direction and the phase difference between 
LC-rich and polymer-rich regions was decreased. As a result, the reconstructed image became 
more and more ambiguous with the increasing of applied voltage. Finally, the reconstructed 
pattern disappeared when the switching field was larger than 11 V/µm. There was no visible 
position shift for the main lobe of Airy beam during the electrical tuning. 

4. Conclusion 

In conclusion, Airy beams have been reconstructed using a binary phase-type PDLC pattern. 
Though the overlap of “twins” lobes has a side effect at the beginning of propagation, the 
acceleration property is preserved well along a relative distance. In our experiment, PDLC 
pattern was proved to produce high-quality Airy beams as a binary phase element. To 
fabricate the PDLC element, a designed binary pattern was transcribed into the PDLC sample 
by a programmable lithographic system based on a DMD chip. The PDLC device was flat and 
electrically switchable, and potentially useful in some adaptive applications. This approach 
can be also extended to generate the other different special beams including Mathieu beam, 
Ince beam, parabolic beam, hypergeomitric beam, etc. 
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