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Abstract: We report on a novel optical vortex, named as centrosymmetric optical vortex (CSOV),
which is constructed via four conventional optical vortices (OVs) with different topological charges
(TCs). The orbital angular momentum (OAM) density satisfies centrosymmetric distribution.
Meanwhile, it is confined within a single ring whose radius is determined by the cone angle of an
axicon. Furthermore, its magnitude and distribution are modulated by a parameter determined via
the TCs of the four OVs, named as phase reconstruction factor. Our work provides a novel detached
asymmetric light field, which possesses the potential application in macro-particle manipulation,
especially separating cells.
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1. Introduction

Optical vortex carrying orbital angular momentum (OAM) has been extensively studied in
particle manipulation [1–3], high capacity optical communication [4–7], optical measurements [8,9],
and astronomical observations [10]. In the field of particle manipulation, intensity and OAM of the
optical vortex (OV) provide gradient force and azimuthal light spanner force, respectively. Therefore,
it is significant to study the modulation techniques of the intensity and OAM distributions.

The most common method for OAM modulation of the OV is realized to control its magnitude by
changing the topological charge (TC) [11]. However, the distribution of OAM cannot be modulated via
this method, which limits the universality of its application in micro-particle manipulations. To break
this limitation, the asymmetric (i.e., non-circular symmetry) OV attracted diverse attentions. For the
generation of asymmetric OVs, one method is to inset an extra factor into the conventional OVs.
For instance, an off-axis factor is brought in OVs to generate a series of asymmetric light fields, such as
asymmetric Bessel modes [12], asymmetric Laguerre-Gaussian beam [13], and asymmetric Gaussian
optical vortex [14]. Furthermore, to increase the mode distributions of the perfect OV, the elliptic
perfect OV has been reported recently, which is regulated via a scaling factor [15,16]. Moreover, by
modulating the phase gradient and the phase jump factors, the power-exponent-phase vortex [17]
and the remainder-phase optical vortex [18] are generated, respectively. To obtain more diverse OAM
distributions, another method is the beam shaping technology [19]. Recently, this method developed
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into three-dimensional shaping of light field and the significance has been widely demonstrated in
micro-particle manipulations [20,21]. In short, the distributions of the light fields generated by the
above methods are abundant and significant in the extreme, but these OAM distributions are always
continuously distributed.

However, for some special occasions, such as cell separation, the detached asymmetric light fields
are more useful [22]. To enrich the mode distributions of the asymmetric light fields, we propose a
centrosymmetric optical vortex (CSOV) by joining four local spiral phases. Combining the numerical
and experimental analyses, such as the intensity distribution, OAM state, and OAM density, etc., the
properties of the CSOV are studied. The OAM distributions of the CSOV satisfy centrosymmetric
distribution and it is confined within a single ring. The radius and magnitude of the CSOV’s OAM
distribution can be freely modulated. Our work provides a special light field distribution which is of
significance in micro-fabrication, micro-particle manipulations, especially separating cells.

2. Basic Theory

Firstly, we studied the generation process of the proposed CSOVs. To realize a centrosymmetric
light field, the phase of the proposed CSOVs was combined with four local spiral phases of the
conventional OVs with TC (l1 = −l2 = l3= −l4), where l1, l2, l3, l4 are the TC of the spiral phases located
in the areas I, II, III, IV, respectively. For simply expressing the TC of the CSOV, we define a parameter,
named as phase reconstruction factor (PRF), which possesses the relation PRF = l1 = −l2 = l3 = −l4.
The parameter PRF is an integer, which is different from the average TC [(l1 + l2 + l3 + l4) / 4 ≡ 0].
As shown in Figure 1 (c1 and c2), the OAM states of the CSOVs are decomposed [23,24]. The OAM
states of the CSOV are independent of the four TCs (l1, l2, l3, and l4) and a maximal probability
distributed at the states of l’ = 0 which are due to the centrosymmetric OAM states. Moreover, for
the conditions of PRF > 0 and PRF < 0, the light fields have the same profile and OAM states but
orthogonality, shown in Figure 1. In addition, owing to the azimuthal energy flow distribution, the
light field distributions revolve in far field which lead to interference in the local areas [25]. To realize
a controllable interference area, we used an axicon to regulate the rotation angle of the OV in far
field [26]. The CSOV can be defined by the following formula

E(ρ, θ) = exp[−ik(n− 1)αρ] exp

[
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4

∑
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(
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π
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)
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]
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where (ρ, θ) denotes the polar coordinates, k is the wave number, α and n are the cone angle and
refractive index of the axicon, respectively. The rect(.) is the rectangular function which is used
to realize the selecting and reconstructing of the four local spiral phases, and ln’ is the TC which
determines the local OAM of the CSOV. Particularly, according to the definition of the TC [27,28], the
TC of the CSOV given by L = l1 + l2 + l3 + l4 which is constant equal to 0.
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Figure 1. Schematic of the centrosymmetric optical vortex (CSOV) generation. (a1) and (a2) are spiral 
phase patterns, (b1) and (b2) are intensity patterns, and (c1) and (c2) are decompositions of the orbital 
angular momentum (OAM) states, where l’∈(-∞, ∞) is an integer reflected the single states. 

3. Experimental Setup 

The schematic of the experimental setup is sketched in Figure 2. A reflective phase-only liquid-
crystal spatial light modulator (SLM, HOLOEYE, Berlin, Germany PLUTO-VIS-016, pixel size: 8μm 
× 8μm) is illuminated with an approximate flat-top beam (wavelength 532 nm), modified by a pinhole 
filter and an aperture. Importantly, the polarizer P1 used before SLM is due to the SLM responding 
only for a horizontally polarized beam. Furthermore, the polarizer P2 used after SLM is to eliminate 
the unmodulated light. Then, the modulated beam realizes Fourier Transform by a lens (f = 200 mm) 
and is recorded by a CCD camera (Basler Ahrensburg Germany acA1600–60 gc, pixel size of 4.5μm × 
4.5μm).  

 
Figure 2. Schematic of the experimental setup. (a) phase mask written into the spatial light modulator 
(SLM) and (b) the intensity record by the CCD camera. 

In our experiment, we used the numerical axicon method to generate the CSOV beam [29]. The 
phase mask of the CSOV is shown in Figure 2a, which is produced using the following equation: 

Figure 1. Schematic of the centrosymmetric optical vortex (CSOV) generation. (a1,a2) are spiral
phase patterns, (b1,b2) are intensity patterns, and (c1,c2) are decompositions of the orbital angular
momentum (OAM) states, where l’∈(-∞, ∞) is an integer reflected the single states.

3. Experimental Setup

The schematic of the experimental setup is sketched in Figure 2. A reflective phase-only
liquid-crystal spatial light modulator (SLM, HOLOEYE, Berlin, Germany PLUTO-VIS-016, pixel
size: 8 µm × 8 µm) is illuminated with an approximate flat-top beam (wavelength 532 nm), modified
by a pinhole filter and an aperture. Importantly, the polarizer P1 used before SLM is due to the SLM
responding only for a horizontally polarized beam. Furthermore, the polarizer P2 used after SLM is
to eliminate the unmodulated light. Then, the modulated beam realizes Fourier Transform by a lens
(f = 200 mm) and is recorded by a CCD camera (Basler Ahrensburg Germany acA1600–60 gc, pixel
size of 4.5 µm × 4.5 µm).
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In our experiment, we used the numerical axicon method to generate the CSOV beam [29].
The phase mask of the CSOV is shown in Figure 2a, which is produced using the following equation:

t(ρ, θ) = exp

[
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)
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]
exp[−ik(n− 1)αρ] exp
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where D is the period of the blazed grating used in the mask.

4. Results and Discussion

First, we will compare the properties of the CSOV’s intensity, OAM density, and gradient force
between the PRF equaling to an odd and an even. The experimental intensity patterns and numerical
simulation of the CSOVs (PRF = 2, 3) are displayed in the first and second columns of Figure 3,
respectively. Their cone angle α of the axicon is 0.06. In the following studies, we mainly studied the
properties of the left-half part which is similar to the right-half part due to the CSOV’s centrosymmetric
light field. For PRF = 2, the local intensity at the joint Q1 is decreased. To characterize the magnitude
of change, the intensity rate between the local extremun at Q1 and the uniform intensity position Q2
was calculated. The rate is greater than 65%, which is larger than 1/e of the uniform intensity at Q2.
Therefore, the intensity at the joint Q1 can be considered as a smooth intensity distribution on the
light ring. Furthermore, the intensity pattern of the CSOV (PRF = 3) has two gaps (Q3 and Q4) in the
intensity ring due to the fractional phase jump at the joints, which is different to the CSOV (PRF = 2).
However, two light petals formed in the left and right sides on the light ring of the CSOVs for PRF = 2
and PRF = 3, respectively. The reason is on account of the opposite azimuthal energy flow. As expected,
the numerical simulation intensity patterns fit very well with the experimental results.
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Figure 3. Comparison of CSOVs with phase reconstruction factor (PRF) equaling to an odd and an
even, respectively. (a1,a2) are experimental intensity, (b1,b2) are numerical simulation intensity. (c1,c2)
and (S1–S4) are the numerical simulation OAM distribution. In the fourth and fifth columns, the
arrows visualize the gradient force. The ε values represent the mode purity of the generated CSOVs.
The joints in the intensity rings mean that the border lines between quadrants in Figure 1a1,a2.

Furthermore, the mode purity ε is a significant parameter which can reveal the quality of the
generated CSOVs. In our experiments, the mode purity was estimated via the correlation coefficients
between the experimental intensity pattern and the numerical simulation intensity pattern [16,30].
As shown in Figure 3a1,a2, the values of the mode purity ε are both greater than 0.9, which indicates
that the CSOVs still maintain a high beam quality.

Figure 3c1,c2 depict the centrosymmetric OAM distributions of the CSOV and the computing
method refers to References [11,31]. For the local OAM density: Reds for positive values
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(counter-clockwise), blues for negative values (clockwise), and greens for zero. The OAM distribution
in the left-half part of the OAM ring provides a pair of opposite twist forces. Meanwhile, the OAM
distribution in the right-half part is centrosymmetric with the left half part. In order to display more
details of the OAM density distributions, the 3 ×magnification of the areas in the black boxes (S1–S4)
in Figure 3c1,c2 are shown in Figure 3S1–S4, respectively. As Figure 3 shows, the OAM distributions
in the area S1 are different from the area S3. The reason is the formation of the fractional phase jump
when PRF is odd. Moreover, the twist forces provided by the OAM point to the center of the areas in
S2 and S4, respectively. Furthermore, the arrows in Figure 3S1–S4 visualize the gradient force [32,33].
In the particle manipulation field, gradient force offers the trap force. As shown in Figure 3S2,S4,
larger gradient force in the black dashed frames provides a larger trap force which can realize particle
stability trapping. Hence, the OAM and the gradient force provide a motion tendency for particle
towards the black dashed frames in micro-manipulation field.

Let us study the modulation properties of the CSOV’s intensity, OAM distribution, and gradient
force with the PRF increase from 2 to 10 in steps of 2. The first row of Figure 4 shows the experimental
intensity patterns of the CSOV, and the second row displays the numerical simulation intensity patterns.
For our experimental results, the number of the light petals increased with the increasing PRF, which
is consistent with the numerical simulation intensity. The bottom row of Figure 4 depicts the OAM
distribution with 4 × magnification of the areas in the white dashed frames in the second row of
Figure 4, respectively. Furthermore, the whole OAM distributions of the CSOVs are shown in the
subset of Figure 4a3–d3. With the increasing PRF, the magnitude of the local OAM of the areas in
the white dashed frames are increased first and finally decreased. The reason is that the increasing
PRF leads to the increase of the OAM’s magnitude. Meanwhile, as the interference area increases, the
positive and negative local OAM cancel each other out [26]. Moreover, the increasing gradient force of
the black circle dashed frames in Figure 4a3–d3 indicates that the CSOV can provide stronger trapping
force with a larger PRF.
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To study the properties of the CSOV, the center profiles of the CSOV’s intensity and OAM rings
in Figure 4 are plotted in Figure 5. For the intensity distributions, two peaks form at θ= ± π/2 due
to the generation of petals in the interference area, which ensures a larger gradient force to form an
optical trap. Meanwhile, the OAM decreases to zero at the intensity peak positions. For the local OAM
distribution profiles located in the non-interference area, the magnitude of the OAM increases with the
increasing PRF, which reflects that the local OAM maintains the properties of the spiral phases used in
the initial field.Appl. Sci. 2019, 9, 1429 6 of 9 
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Figure 5. (a–c) are the center profiles of the CSOV’s experimental intensity, numerical simulation
intensity and OAM rings of Figure 4, respectively. For instance, the positions of the date ring and the
three points 0, −π and π are shown in Figure 4a1.

To enhance the regulatory flexibility of the CSOV, the cone angle of the axicon is used as an
adjustable parameter to modulate the radius. The intensity and OAM distributions of the CSOVs
(PRF = 4) with different cone angles α are shown in Figure 6. One can find that the radius of the CSOV
increases with the cone angle increasing. To quantitatively represent the relationship between the
radius and the cone angle, we fitted the experimental dates, as shown in Figure 6a1. Their relationship
is accord with the linear equation, r = 0.0985 + 1.36α, and the correlation coefficient is 0.99977.
Furthermore, the magnitude of the OAM density decreases due to the constant total OAM. Owing to
the optical trap formed in the interference areas demonstrated in the above, the regulation property of
the cone angle α indicates the potential significance in the separating cells.
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