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In this study, we introduce what we believe is a novel holographic optical element called a chiral square Fresnel
zone plate (CSFZP). The chirality is imposed on a square Fresnel zone plate (SFZP) using a nonclassical technique
by rotating the half-period zones relative to one another. The rotation of the half-period zones, in turn, twists the
side lobes of the diffraction pattern without altering the focusing properties inherent to a SFZP. As a consequence,
the beam profile is hybrid, consisting of a strong central Gaussian focal spot with gradient force similar to that
generated by a lens and twisted side lobes with orbital angular momentum. The optical fields at the focal plane
were calculated and found to possess a whirlpool-phase profile and a twisted intensity profile. Analysis of the field
variation along the direction of propagation revealed a spiraling phase and amplitude distribution. Poynting
vector plot of the fields revealed the presence of angular momentum in the regions of chiral side lobes. The phase
of the CSFZPs were displayed on a phase-only reflective spatial light modulator and illuminated using a laser. The
intensity patterns recorded in the experiment match the calculated ones, with a strong central focal spot and
twisted side lobes. The beam pattern was implemented in an optical trapping experiment and was found to possess
particle trapping capabilities. © 2017 Optical Society of America

OCIS codes: (090.2890) Holographic optical elements; (090.1760) Computer holography; (050.0050) Diffraction and gratings;

(090.1970) Diffractive optics.

https://doi.org/10.1364/AO.56.00F128

1. INTRODUCTION

In 1968, Letokhov proposed that light beams could be used to
trap atoms [1]. In 1970, Ashkin discovered that laser light has
the ability to apply forces on particles and can trap them [2].
Such optical trapping can be achieved either by using a tightly
focused Gaussian-like beam using the gradient force of the in-
tensity profile [2], or by a vortex-like beam with orbital angular
momentum [3–5]. The vortex beam is reported to possess
many advantages over Gaussian beams in trapping mesoscopic
[6] and low-index particles [7]. The generation of radially po-
larized vortex beam [8] and tunable vortex beams [9] has also
been reported to possess interesting optical trapping character-
istics. There are other optical beams with interesting intensity
and phase profiles such as higher-order Bessel beams [10],
which are used for optical trapping applications.

Holographic optical elements (HOEs) such as spiral phase
plates [11], forked gratings [12], etc., and axicons [13] are used
for the generation of vortex beams and Bessel beams, respec-
tively. For generation of special trapping beams with interesting

and useful intensity and phase profiles, such as higher-order
Bessel beams [14], flower-shaped beams [15], asymmetric vor-
tex beams [16], focused vortex beams [17], it is necessary to
multiplex functions of two or more HOEs or by using refrac-
tive/diffractive optical components in tandem. However, the
generation of these special beams by such integration of diffrac-
tive optical elements always comes with several penalties [18].

Recently, a special type of beam with a central Gaussian peak
surrounded by a twisted intensity profile was generated by
superposition of a regular Gaussian beam with a vortex beam
[19]. This special feature may allow trapping in a larger spatial
region, unlike conventional trapping, where the spot has to be
overlapped with the particle at least partially in order to trap it.
In contrast with the interference method, here we offer the
realization of simple HOEs that enable the generation of such
special beams with a central Gaussian peak and chiral side lobes
in a compact optics configuration. This is done using a square
Fresnel zone plate (SFZP) with zone rotation principle and
constructive interference, which was proposed for far-field
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antennas with chiral beam patterns [20]. SFZP is a simple op-
tical element for light focusing [21]. Optimization of the zone
structure for SFZP was discussed [22]. SFZP with a spiral phase
was used for generating zero axial irradiance [23]. The chiral
beam-pattern formation in far-field microwave antennas was
proposed based on rotation of Fresnel zones for SFZP. It
has been shown that this principle allows optimizing the side
lobe structure of the antenna and the gain [20,24,25]. This
principle later was applied to optical vortices generation by
binary phase square spiral zone plate [26]. In the current paper,
we present a family of simple diffractive optical elements with
chiral symmetry of side lobes consisting of both the gradient
force at the center as well as orbital angular momentum, which
might be useful, for example, for particle trapping applications.

2. METHODOLOGY

The chiral square Fresnel zone plates (CSFZPs) are designed
with periodic rotation of zones of SFZP with respect to one
another and do not involve any type of multiplexing with other
phase functions, and therefore retain their efficiency and pre-
vent any subwavelength features in the design [18,27]. Besides,
the generation does not require any refractive/diffractive optical
element in tandem to generate the hybrid beam, which makes
the optics configuration compact. In general, the light focused
by a SFZP has a strong central intensity spot and side lobes
focused as line intensity profiles oriented along the horizontal
and vertical directions perpendicular to the sides of the
SFZP [28]. The periodic rotation of zones twists the side lobes
generated at the focal plane of SFZP and redirects the flow of
the field to spiral around the central spot. In this way, the beam
generated by the CSFZP possesses both the gradient
force at the central spot and the orbital angular momentum
surrounding it.

For analysis, CSFZPs were designed with a focal length
of f � 60 cm and with a diameter of D � 8 mm for a wave-
length of λ � 632.8 nm. The size of every zone is estimated
using the equation of the Fresnel zone plate (FZP) as
Wn � �n2λ2 � 2nf λ�1∕2, where n is the zone number and
n � 0; ; 1;…. The CSFZPs were constructed by rotating the
consecutive zones by a fixed angle. The angle of rotation is
given by θ � Km, where m � 2n and K is the angular step
size. The CSFZPs were designed with binary phase values of
0 and π to obtain the maximum efficiency (40%) possible with
any binary profile [29]. The transverse and longitudinal diffrac-
tion profiles of the CSFZPs were analyzed using the scalar
diffraction formula [29].

The CSFZPs are designed for K � 1° to 8° in steps of
2°, and the corresponding transverse intensity and phase pro-
files for z � 60 cm are computed by computer simulation and
are shown in Fig. 1. The order of chirality is defined as the
number of curves in the element, and in this case, the order
n � 4 corresponding to the four vertices of the SFZP. The
number of lobes in the diffraction pattern is twice that of n
[30], and hence the diffraction pattern shows eight lobes.
The transverse phase profiles have a whirlpool-type configura-
tion possessing the possibility for application in optical trap-
ping, and for inducing rotation [31]. The beam profile at
the focal plane has a strong central Gaussian peak and chiral

side lobes. The longitudinal intensity profiles for z �
40–80 cm for K � 0° to 8° in steps of 2° are shown in
Fig. 2. From the transverse and longitudinal intensity profiles,
it can be noted that even though the zones were rotated, there is
no shift in the focal plane. Hence, the element behaves as a lens
with a well-defined focal length. The rotation of the zones

Fig. 1. Images of the CSFZPs designed for a focal length of 60 cm
and a wavelength of 632.8 nm; their simulated intensity and phase
profiles at the focal plane. The eight side lobes in the intensity profile
and the four side lobes in the phase profile are shown for case K � 4°.

Fig. 2. Axial irradiance profiles of CSFZPs over a distance from
40–80 cm for (a) K � 0°, (b) K � 2°, (c) K � 4°, (d) K � 6°, and
(e) K � 8°. The variation of the intensity and phase profiles for
K � 4° is given in Visualization 1 and Visualization 2, respectively.
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influences only the profile of the side lobes without altering its
focusing characteristics. Therefore, it is possible to implement
the CSFZPs for optical trapping applications by matching the
trapping plane with the focal plane of the elements.

The normalized intensity profile along the axial direction is
analyzed by computer simulation and plotted for K � 0° to 8°
in steps of 2°, as shown in Fig. 3(a). The focal depth of the
CSFZPs seems to increase with the increase in the zone rota-
tion, indicating the redistribution of intensity from the focal
plane to other axial planes. The normalized intensity profile
along the transverse direction is compared for different values
of K (=0° to 8° in steps of 2°), as shown in Fig. 3(b). An increase
of the width of the focal spot can be seen corresponding to the
increase in rotation of the zones. The above two effects: increase
in focal depth and broadening of the focal spot, arise due to the
breakage of symmetry of the SFZP structure because of the ro-
tation of the zones. The beam profile is further analyzed by
interfering the diffracted wave at the focal plane with a plane
wavefront. The interference patterns for K � 0° to 8° are
shown in Fig. 4, which shows that there are four dominant
lobes equal to the vertices of the zone plate, and the lobes twist
and broaden with the increase in the rotation angle of the
zones. The variation of the intensity and phase of the field
shows the presence of angular momentum.

The presence of orbital angular momentum was verified by
studying the Poynting vector plots of the fields generated by the

CSFZP. In the case of scalar optical beam, the Poynting vector
field is proportional to the product of the gradient of the phase
of the beam and its intensity [32,33]. The Poynting vector
fields were calculated for two cases: K � 0° and K � 2°, as
shown in Figs. 5(a) and 5(b), respectively. In both cases, there
is a strong gradient force at the center, which is indicated by the
lengthier arrows. In the case of CSFZP with K � 0°, there is a
gradient force along the horizontal and vertical side lobes, while
there is an orbital angular momentum seen surrounding the
central spot in the case of CSFZP with K � 2°. The above
analysis confirms the hybrid nature of the optical beam.
Similar Poynting vector fields were seen for different values
of K .

Fig. 3. (a) Normalized plots of the axial intensity profile from
57 cm to 63 cm generated by the CSFZPs for K � 0° (solid line),
K � 2° (o), K � 4° (dashed line), K � 6° (dotted line), and K � 8°
(dashed and dotted line) and (b) normalized intensity plots of the focal
spot generated by the CSFZPs for K � 0° (solid line), K � 2° (o),
K � 4° (dashed line), K � 6° (dotted line), and K � 8° (dashed
and dotted line).

Fig. 4. Interference patterns simulated at the focal plane by super-
position of a plane wave with the field diffracted from the CSFZP.

Fig. 5. Poynting vector field plots for the beams generated by the
CSFZP for (a) K � 0° and (b) K � 2°.
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3. EXPERIMENTS

The experimental verification was carried out using a setup as
shown in Fig. 6. A He–Ne laser with a wavelength of 632.8 nm
was used. The light from the laser was spatial filtered and colli-
mated using lens L1. A polarizer is used to orient the light par-
allel to the active axis of a spatial light modulator (SLM) to
enable full modulation. The collimated light is projected on the
SLM (Holoeye PLUTO, 1920 pixels × 1080 pixels, 8 μm pixel
pitch, phase-only modulation). The CSFZPs were displayed on
the central part of the SLM with 1000 pixels × 1000 pixels,
while the rest are zero padded such that the diameters of the
CSFZPs are 8 mm. A camera (Hamamatsu ORCA-Flash4.0 V2
Digital CMOS, 2048 pixels × 2048 pixels, 6.5 μm pixel pitch,
monochrome) was mounted at a distance of 60 cm from the
SLM. The intensity profiles generated by the CSFZPs with
K � 0°–8° in steps of 2°, recorded at the focal plane by the
camera, are shown in Fig. 7. It can be seen that the experimen-
tal results match well with the simulated results. The side lobes
of the intensity profile generated by CSFZP without any zone
rotation (K � 0°) exhibits no twisting similar to Fig. 1. With
an increase in the angle of rotation of the zones for K � 2° to
8°, the side lobes of the intensity patterns twist around the cen-
tral maximum, as shown in Fig. 1. Also from Fig. 7, it can be
clearly seen that by increasing the K factor, the side lobes sep-
arate from the main lobe, and a chiral structure of focusing
beam is formed.

The full width at half-maximum (FWHM) of the main lobe
in Fig. 7 is about 64 μm for K � 0°, and it increases slightly
with the zone rotation angle with about 76 μm for K � 8°. The
FWHM increased by ∿19%, which is close to the increase of
18% as shown in the simulation results of Fig. 3(b). The maxi-
mal intensity of vortex side lobes in the image plane are about
12% of the maximal intensity of the central lobe, while it was
close to 10% in the simulation. In general, the diffractive
optical elements that generate the special optical trapping
beams do not possess the necessary numerical aperture (NA) for
trapping, and the intensity profiles need to be reimaged
using a high NA objective lens [34].

The optical tweezer setup consists of two laser sources
with wavelengths λ1 � 532 nm (high power laser) and λ2 �
632.8 nm for trapping and imaging, respectively. The sche-
matic of the experimental optical tweezer setup is shown in
Fig. 8. The spatially filtered light from the green laser source
is collimated and is incident on a reflective phase-only SLM
(Jasper Display Corp: pixel number: 1920 × 1024; pixel pitch:
6.4 μm) at an angle of 12° (normal incidence requires an addi-
tional beam splitter and results in power loss); this angle can be
varied from 1° to 15°, which is the acceptance angle of SLM.
After SLM, a 4F system is used followed by a 100 × objective
lens (NA � 1.3). We have used Candida rugosa (ATCC
200555) as a specimen for trapping, and it is recorded by
an imaging system. The imaging system consists of a spatial

Fig. 6. Experimental set up used for evaluating the far-field diffrac-
tion patterns of CSFZPs.

Fig. 7. Experimental intensity patterns recorded at a distance of
z � 60 cm from the SLM for K � 0°–8° in steps of 2°.

Fig. 8. Schematic of the optical tweezer setup.

Fig. 9. Optical trapping of Candida rugosa with the beam pattern
generated by CSFZP for K � 1° (Visualization 3).
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filter, 4F imaging system, and a CMOS camera (Thorlabs: pixel
number: 1024 × 1280; pixel pitch: 5.2 μm). The phase profiles
of the CSFZPs were adjusted to yield maximum efficiency for
the trap beam. The specimen was successfully trapped using the
beam generated by the CSFZPs. The phase profiles of the
CSFZPs were displayed on the phase-only SLM, and the beam
generated at its focal plane was reimaged using a 4F optical
system to achieve tight focusing of light. The image of the trap-
ping of Candida rugosa (ATCC 200555) samples with the beam
pattern for (K � 1°) is shown in Fig. 9.

4. SUMMARY AND CONCLUSIONS

In conclusion, we experimentally demonstrated a novel family
of simple diffractive optical elements called a CSFZP for hybrid
beam generation. The chirality is imposed on a SFZP by rotat-
ing each half-period zone relative to its neighbor. It has been
shown that the rotation of the half-period zones twists the side
lobes of the diffraction pattern without altering the transverse
focusing properties inherent to a SFZP much, whereas there
was a redistribution of intensity from the focal plane to other
axial planes, resulting in an increase of the focal depth with the
increase in K . The optical fields at the focal plane were calcu-
lated and found to possess a whirlpool-phase profile and a
twisted intensity profile. The analysis of the variation of the
transverse intensity and phase profile revealed rotation of the
field with the propagation distance. Hence, this special beam
possesses a central strong Gaussian peak with a gradient force,
with chiral side lobes with orbital angular momentum that is
confirmed by the Poynting vector field plots. This hybrid prop-
erty of the beam profile makes it suitable for optical trapping
applications [35]. The intensity patterns recorded in the experi-
ment are matched with the calculated ones. The CSFZPs were
integrated into a standard optical trapping setup, and a prelimi-
nary optical trapping experiment was carried out with Candida
rugosa (ATCC 200555) samples, and the elements were found
to possess optical trapping capabilities. The concept has been
demonstrated using a square zone plate with a chirality of order
four. However, the technique can be extended to design ele-
ments with lower or higher chirality order by decreasing or in-
creasing the number of vertices of the zone plate, respectively.

In the current demonstration, an SLM is used for displaying
the CSFZPs in order to generate the special beams with chiral
side lobes. However, SLMs in general have a relatively low res-
olution of around 10 μm and interpixel gaps. Since the quality
of the beam depends upon the resolution of the HOE [18], for
applications such as optical trapping [34], it is desirable to em-
ploy passive HOEs fabricated using high-resolution lithography
techniques [17,27]. The phase profile of the FZP can also be
modified to cancel the central peak to obtain vortex-like beams.
The concept is presented with a FZP, while the design can be
tailored for different applications by replacing FZP with a
Fresnel zone axilens [36] or axicons [37] and also with other
useful diffractive optical elements. CZFZPs are designed with
binary phase profiles, and therefore can exhibit a maximum
efficiency of only 40%. Higher efficiency can be obtained
by designing a multilevel version of the CSFZP. However, fab-
rication of such blazed structures is a challenging task [17,27].
The intensity and phase profiles generated by the CSFZPs

can also be useful for communications and optical vortex
microscopy [38].
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