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Abstract: The intensity and the radiation forces acting on a Rayleigh 

particle near the focus of completely coherent radially polarized beams 

whose phase are modulated by a Devil’s vortex-lens are studied. The 

influence of the structure of Devil’s vortex-lens on the radiation force 

distribution is analyzed. It is found by numerical simulations that the 

modulated beams show a clear advantage over the unmodulated highly 

focused radially polarized beams, as the modulated beam can 

simultaneously trap and manipulate the multiple Rayleigh particles, while 

the unmodulated beam can trap only one particle under the same condition. 

OCIS codes: (030.1640) Coherence; (260.5430) Polarization; (260.6042) 

Singular optics; (350.4855) Optical tweezers or optical manipulation. 

 

1. INTRODUCTION 

Since the original paper on dislocations in wave trains by Nye and 

Berry
 [1]

, optical vortices have attracted increasing attention due to their 

broad applications in creating micromechanical pumps
[2]

, storing 

quantum information
[3]

, enhancing microscopy
[4]

. As is well known, 

optical vortices extended the capabilities of conventional optical traps 
[5, 6] 

due to the orbital angular momentum of light 
[7, 8]

. One common optical 

device to produce optical vortices is the spiral phase plates (SPP). Spiral 

phase plates can be combined with fractal zone plates 
[9]

 to produce a 

sequence of focused optical vortices along the propagation direction
 [10]

. 

Recently, a phase-only Devil’s vortex-lens (DVL) modulated by a helical 

phase structure 
[11] 

was proposed, which is able to generate a sequence of 

focused vortices surrounding the major foci inside a single major fractal 

focus. 
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The radially polarized beam can generate a strong longitudinal electric 

field at the focal point 
[12]

 when focused by a high-numerical-aperture 

(NA) focusing system, which can be applied in improving resolution of 

microscopy
 [13]

, enhancing laser cutting ability
 [14]

. Analytical calculations 

by Chen et al. 
[15]

 showed that the radially polarized beams are superior to 

the linearly polarized beams in the Rayleigh regime in terms of their 

ability to trap. Zhan calculated the radiation forces on metallic Rayleigh 

particles using a highly focused ideal radially polarized beam 
[16]

. 

Ahluwalia et al. investigated experimentally the polarization-induced 

torque of radially polarized beam acting on anisotropic microparticles 
[17]

.  

In this paper, we study the properties of highly focused completely 

coherent radially polarized beams modulated by DVL. Based on the 

vector Debye integral 
[18]

, the theoretical expressions of focused field are 

derived. The radiation forces acting on Rayleigh particles are calculated 

by using the Rayleigh scattering theory. A bright spot can be generated 

by matching the topological charge and function order of DVL, which 

can be applied in three-dimensionally trapping a Rayleigh dielectric 

sphere with a refractive index larger than that of the ambient.  

 

2. THEORETICAL ANALYSIS 

A devil’s lens (DL) is a rotationally symmetric diffractive lens whose 

phase profile is designed from a staircase function based on the Cantor 

function 
[12]

 mathematically. It is defined in the domain [0, 1] as 
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 Being FS(0)=0 and FS(1)=1 , at the disjoint gaps intervals [ps,l,qs,l] 

defined by a particular Cantor function FS(x) the phase shift is -l 2π, with 

l=1,…,2
s
-1, a DL is a pure-phase diffractive optical element whose 

transmittance is defined by
[19]
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where R is the lens radius, and a DVL can be simply constructed by 

adding the phase variation m , where m is the topological charge and   is 

the azimuthal angle. The transmittance of a DVL can be expressed as
[20]

 

 ( , ) ( ) expQT im                                                           (4) 

In this study, we investigate the intensity and the force in the vicinity of 

focus of a highly NA focusing system combined with DVL under the 

irradiance of radially polarized beams. Figure 1 illustrates the geometry 

of the tight focusing system. The separation between the geometrical 

focal plane of the lens and the interface of two media is d,  and  f  being 

the focal length of the lens. The refractive index of the two media are n1 

and n2, the incident and refractive angles are θ1 , θ2 , respectively. 

It is assumed that the field in the source plane is a completely coherent 

radially polarized Bessel-Gauss beam, which can be written as 
[21]

: 
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where  w0  is the beam width , E0 is a constant. 

Supposed the input power is P, the intensity distribution in the source 

plane I0(r) can be calculated as 

0( )I rP ds                                                           (6) 

and 

0 2 2

3.54 e

sinf

P
E

 
                                                       (7) 

Where e is the natural logarithm, α is the maximal NA angle. 

We have the pupil apodization function at objective aperture surface: 

2

1 1
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According to the Richards-Wolf vector diffraction theory
 [18]

and the 

sine condition r=f · sin(θ1)
 [22] 

, when a radially polarized beam modulated 

by DVL is highly focused, the electric field E(ρ,φ,z) in the focal region 

can be obtained by the following expression: 
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Where ρ, φ, and z are the cylindrical coordinates of an observation point, 

ki=nik0 is the wave vector, the maximal NA angle is α=sin
-1

(NA/ n1), K is 

a constant 1f n
K




 , other parameter T(θ1,  ) is the transmittance of a 

DVL. The amplitude transmission coefficient tp perpendicular to the 

polarization direction can be expressed as: 

2 1

1 2 1 2

2sin cos

sin( )cos( )
pt
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and 1 2( , )   is aberration function related to the refractive index 1n  and 2n  

as follows: 

 1 2 1 1 2 2( , ) cos cosd n n                                                (11) 

The Cartesian electric field expressions
 [22,23] 

near focus formed by 

highly focused radially polarized beam modulated by DVL passing 

an interface of two media are: 
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where 
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Based on the equation (12), (13), the radial and azimuthal components 

of the electric field in the focal plane can be obtained by using the 

following transformations: 

( , , ) ( , , )cos ( , , )sinx yE z E z E z                                      (14) 

( , , ) ( , , )sin ( , , )cosx yE z E z E z                                  (15) 
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Then the intensity distribution in the focal region can be expressed as: 

2 2 2
( , , ) ( , , ) ( , , ) ( , , )zI z E z E z E z                                  (16) 

We choose a Rayleigh particle as the target particle. Under this 

condition, a small dielectric sphere can be treated as a point dipole 
[24]

. 

According to the Rayleigh scattering theory, the radiation force exerted 

on this dipole can be divided into two components 
[25]

: scattering force 

and gradient force. Assuming a homogeneous Rayleigh microsphere with 

refractive index n3 and radius a , the scattering force can be expressed as: 

2( , , ) ( , , )scat pr

n
F z C I z

c
   

z
e                                   (17)                     
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c

 


,

2
4 2 2

2

8 1
( ) ( )

3 2
prC ka a

 


  , 2

3

n
n

  , H is the relative 

refractive index. Highly focused radially polarized beams can produce 

strong longitudinal electric field due to the depolarization [26]
. The 

gradient forces along the axial and radial direction are given by 
[27] 
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3. THE NUMERICAL SIMULATION 

In this part, the particle to be trapped is assumed to be immersed in 

water with refractive index n2. In the numerical calculations, we choose 

the following parameters: f=0.0025m, w0=0.0025m, R=0.0025m, 

a=30nm, n1=1, n2=1.332, n3=1.592, NA=1, d=λ, λ=633nm , and the total 

incident power P is 2W.  

Figure 2 shows the electric field intensity with the change of function 

order s. A single focal spot is produced with s=0, and multiple focal spots 

are produced with larger s, as present in figure 2(a), (b), (c). In particular, 

the position of the major focal point is not located in z=0 plane with s=1.  

Figure 3 shows the intensity in the vicinity of focus formed by highly 

focused radially polarized beam with different topological charge m. The 

intensity distributes along the axis is strongest with m=1. The on-axis 

intensity is zero when m is larger than 2. It keeps the property of DVL as 

shown in Ref. 
[20]

, each focus transforms into a vortex and a chain of 

doughnut shaped foci is generated. The tightly focused field can be used 

to trap multiple target particles, which is shown in the next section.  
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In Figure 4, 5, 6, we study the transverse gradient force, the on-axis 

longitudinal gradient force and the scattering force acting on the Rayleigh 

particle by highly focused radially polarized beams modulated by DVL. 

From Figure 4(c), (d), the on-axis longitudinal gradient forces in the 

optimal capturing positions of z=1λ are higher than the scattering force 

that destabilize the trap 
[26]

 , which satisfies the condition Г=Fgrandz／Fscat≥ 1. 

It can be clearly found in Figure.5 and Figure.6 that a Rayleigh particle 

whose refractive index is larger than that of the ambient environment can 

be trapped and captured at the focal points of the major and the subsidiary 

near it. The best capturing positions are z=3.5λ, z=6λ, z=11λ in Figure5 

and z=4λ, z=8λ, z=11λ in Figure6.   

The thermal fluctuation from the surrounding medium is called 

Brownian motion, which can have a strong affect in capturing the 

extremely small particles from the perspective of principle. Based on the 

fluctuation-dissipation theorem of Einstein, a formula 
[28] 

to calculate the 

Brownian force is given by 1 2| | (12 )B BF ak T , where κ represents the 

viscosity of the medium (in this paper, for water κ=7.977×10
-4

,T=300K), 

and kB is the Boltzmann constant. The magnitude of the Brownian force is 

to be 1.933×10
-3

PN under these conditions, which is smaller compared 

with the values of the scattering and the gradient components of the 

radiation forces in Figure 4, 5, 6, therefore, the Brownian motion can be 

obviously overcome. 

The gradient force curves in Figure 4, 5, 6 show the number of the 

equilibrium positions of particles in the trap. We research the magnitude 

of Brownian motion, the result show that the influence of Brownian 

motion can be neglected. For DVL with the parameters of s=1, m=0, 

there are three positions z=3.5λ, z=6λ, z=11λ, where the gradient force is 

much larger than the scatting force, as presented in Figure 5. Similar 

results can be found in Figure 6, where the equilibrium positions lie in the 

plane of z=4λ, z=8λ, z=11λ. Clearly, stable trap can be realized in these 

positions. Previous studies show that even though there is only one 

equilibrium position on the beam axis, the beam might 

trap multiple microparticles simultaneously
[29-31]

. Our research show that 

multiple particles may trap simultaneously in different locations by 

introducing a DVL into the focusing system. 

 

4. CONCLUSION 

In conclusion, the radiation forces on a dielectric spherical particle 

induced by highly focused radially polarized beams modulated by DVL 

have been numerically studied in the Rayleigh scattering regime. 
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Simulation results suggested that the radially polarized vector beams 

modulated by DVL shows advantage over the conventional highly 

focused radial polarization beam in trapping microparticles, the former 

can simultaneously trap and manipulate multiple particles, but the latter 

can only trap one particle by using the highly focused radially polarized 

beam, even under the same condition. It is expected to pave the way for 

multiple focal plane trapping. 
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List of figure captions: 

Fig.1 schematics of highly focused radially polarized beams modulated by DVL. 

Fig.2 the intensity distribution produced by highly focused radially polarized beams 

modulated by DVL lens with the change of function order s. (a)s=0, m=1; (b) 

s=1, m=1; (c) s=2, m=1, (d) the on-axis intensity distribution. 

Fig.3 the intensity distribution produced by highly focused radially polarized beams 

modulated by DVL lens with the change of topological charge.(a) m=0, s=1; (b) 

m=1, s=1; (c) m=2, s=1, (d) the on-axis intensity distribution. 

Fig.4 The radiation force distribution by highly focused radially polarized beams 

modulated by DVL. (a) the radial gradient force in the plane of z=1λ; (b) the 

axial gradient force ; (c)  scattering force. the other parameters are s=0, m=1. 

Fig.5 The radiation force distribution by highly focused radially polarized beams 

modulated by DVL. (a) the radial gradient force in the plane of z=3.5λ, z=6λ, 

z=11λ; (b) the  axial gradient force; (c) scattering force. the other parameters 

are s=1, m=0. 

Fig.6 The radiation force distribution by highly focused radially polarized beams 

modulated by DVL, (a) the radial gradient force in the plane of z=4λ, z=8λ, 

z=11λ; (b) the axial gradient force; (c) scattering force. the other parameters are 

s=1, m=1. 
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Fig.6 

 

 

 

 

 

 

 


