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1. INTRODUCTION 
Recently the focal shift, which refers to the phenomena 
that the peak or the axial maximum intensity of the 
focused beam is shifted away from the geometrical focus 
[1-3], has attracted much attention for several decades [4-
6]. In past few decades, the focal shift has been studied for 
various of beams, for example, Gaussian beams [3,5], 
flattened Gaussian beams [7], Gaussian Schell-mode 
beams [8] and so on. These beams have the transverse 
maximum intensity along with the optical axis after 
passing through the focusing system, therefore the 
position of axial maximal irradiance of the focused beam is 
usually viewed as the actual focal position [2,3], which is 
determined by the axial intensity distribution of the beam.  
The focal shifts may play a crucial role in achievement of 
super resolution and in optical trapping [9]. In optical 
trapping system there are two kinds of forces acting on 
the particle. One is the optical gradient force, which plays 
a crucial role in constructing optical trap and its intensity 
is proportional to the optical intensity gradient; the other 
kind of force is scattering force, which usually has complex 
forms because this kind of force is related to the 
properties of the trapped particles, and whose intensity is 
proportional to the optical intensity. Optical gradient force 
is necessary for optical trapping, and its direction is 
opposite to the optical gradient direction. Tracing the 
movement of the point of absolute maximum intensity 
along optical axis has attracted many researchers for 
several decades [10-12]. It was found that the point of 
absolute maximum intensity does not coincide with the 
geometrical focus but shifts along optical axis. This 
phenomenon is referred to as focal shift. Focal shifts have 
taken an important part in design and optimization of 

various optical systems and extremely important for 
image formation in defocused planes, for increasing the 
depth of focus and in automatic focusing [13]. More 
interestingly, the focal shift may be in continuous in 
certain optical focusing systems. It was found that the 
focal shift may be accompanied by an effective 
permutation of the focal point, and this effect is referred to 
as focal switch [14,15]. The polarization and phase wave 
front are very important characteristics to alter 
propagating and focusing properties of beams [16-20].In 
our knowledge, the focusing properties of radially 
polarized Laguerre Bessel gaussian beam with cosine 
phase wave front are not studied. In this paper the focal 
shift of the radially polarized Laguerre Bessel gaussian 
beam with radial cosine phase plate is investigated 
theoretically by vector diffraction theory. 

 

2. VECTOR DIFFRACTION THEORY OF RADIALLY 
POLARIZED LAGUERRE BESSEL GAUSSIAN BEAM 
The radially polarized laguerre Bessel Gaussian beam with 
cosine phase plate and then focused through a high NA 
lens system is shown in Figure1. The analysis was 
performed on the basis of Richards and Wolf’s vectorial 
diffraction method [21] widely used for high-NA lens 
system at arbitrary incident polarization. In the case of the 
incident polarization, adopting the cylindrical coordinates 
r,z,φ and the notations of Ref. [22], the electric field 
E(r,z,φ) in the vicinity of the focal region can be written as 

 

  (1),E r z E e E ez zr r  
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ABSTRACT: Focal shift of radially laguerre polarized Bessel Gaussian beams induced by cosine phase masks are 
investigated theoretically by vector diffraction theory. Results show that when the radially polarized laguerre Bessel 
Gaussian beam with cosine phase plate is focused, the focal pattern differs considerably with frequency parameter (C) in 
the cosine function term. Increasing the value of frequency parameter in the cosine part of the phase mask, focal shift may 
occur, simultaneously, the focal shift direction may change. Moreover, by altering frequency parameter of the phase mask 
will change the energy distributions of maximum intensity peak and other small intensity peaks. 
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Where
rE and 

zE are the amplitudes of the two 

orthogonal components 
re  and 

ze  are their 

corresponding unit vectors. The two orthogonal 
components of the electric field is given as 

       
0

(2)cos, cos sin 2 sin
1

P ikzE r z A J kr e dr

       
  

       
0

2 cos, 2 cos sin sin
0

P ikzE r z iA J kr e dz
      

 

Where arcsin( ) /NA n  the maximal angle is 

determined by the numerical aperture of the objective 
lens, and n is the index of refraction between the lens and 

the sample. 2 /k    is the wavenumber and Jn(x) is 

the Bessel function of the first kind with order n. r and z 
are the radial and z coordinates of observation point in 
focal region, respectively. P(θ) describes the pupil 
apodization function. The intensity in the focal region is 
proportional to the square modulus of Eq. (1). In the 
system investigated in this article, the wavefront phase 
distribution is radial cosine function distribution, and can 
be written as  

tan( )
D. cos C (4)

tan( )

 
     

 
 

where C is the frequency parameter in cosine part of the 
wavefront phase distribution, C denotes the radial change 
frequency of the phase parameter. A property of these 
phase masks is that the focal separation and energy 
distribution between foci (equivalently the number of 
foci) can be independently controlled by the filter 
parameters. The axial distance between foci is a function 
of mask parameter D, while the energy distribution 
between foci can be tuned by varying the mask parameter 
C. Here we fixed D=1 and wish to analyze the energy 
distribution between foci. The reason for choosing this 
kind of radial cosine phase wavefront is that it is very 
simple and easy to carry out, for example this kind of 
phase distribution can be implemented by phase spatial 
light modulator could also provide interactive control or 
by pure phase plate manufactured by the lithographic 
method conveniently.. The electric field in the focal region 
can be written in the same form as Eq. (1); However, the 
two orthogonal components Er and Ez are different and 
should be expressed as 
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The total intensity distribution in the focal region is proportional to the square modulus of Eq. (1), and the radial 
polarized component and longitudinal polarized component can be calculated according to Eqs. (5) and (6) respectively. 
The ( )l   describes the radially polarized LBG beam, this function is given by [23] 

2
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Where, β is the parameter that denoted the ratio of pupil diameter to the beam diameter and 
1

PL is the generalized 

Laguerre polynomial.  
 

 
 

Fig.1.Focusing of a radially polarized Laguerre Bessel Gaussian beam with cosine phase plate by high NA lens 
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3. RESULTS AND DISCUSSION  
Without loss of validity and generality, the focusing 
properties of the radially polarized Laguerre Bessel 
Gaussian beam with cosine phase wavefront are 
calculated. We perform the integration of Eq. (1) 
numerically using parameters λ = 1 and NA of the 
objective is 0.9. Here, for simplicity, we assume that the 
refractive index n =1 and A=1. For all calculation in the 
length unit is normalized to λ and the energy density is 
normalized to unity. In order to understand focusing 
properties of the radially polarized Laguerre Bessel 
Gaussian beam extensively, firstly, the focusing of radially 
polarized Laguerre Bessel Gaussian beam with high NA 
lens system is investigated without wave front phase 
modulation. Figure.2a shows the intensity profile of the 
radial, longitudinal and total electric field components of 
the optical field at focus. It is evident that the intensity of 
the longitudinal component (red line) is higher than the 
radial component (black line). From the Fig.2a, we 
measured the FWHM of the generated focal spot size is 
0.56λ and radial component as 11% of the total intensity. 
The 3D intensity distribution near the focus as shown in 
Fig. 2c, reveals that the focal depth is 1.7λ. Such a focal 
spot segment is useful for high refractive index particle 
trapping. The Fig.3 illustrates the evolution of three-
dimensional light intensity distribution of the high NA lens 
for the cosine parameter values of C=0.4, C=0.6 and C=5.2. 
It can be seen from Fig.3a–c the generated focal spot in 
focal region shifts towards the optical aperture along 
optical axis on increasing cosine parameter C, namely 
focal shift phenomenon occurs. Here focal shift denotes 
the movement of maximum intensity position. When 
increasing C to 5.2, the maximum light intensity peak stays 
near from optical aperture and focal depth is 2λ and is 
shown in Fig. 3.c & f. From this figure 4, we can see that 
the focal shift distance increases on increasing parameter 
C almost linearly and is illustrated by blue line in Fig.4. If 
this focal peak is used to construct one optical trap, cosine 
parameter C may be employed to adjust trap position, in 
turn, can transport micro particles. Further increasing the 
value of cosine parameter C is changed to investigate its 
effect on focal pattern evolution. The intensity 
distributions for C = 6.2 are illustrated in Fig.5. It can be 
seen from this figure, that the cosine parameter C affects 
focal intensity distribution very considerably. The focal 
spot segment is shifted to near from the optical aperture 
z=-10λ along the optical axis, so that there is only one 
optical intensity maximum and three minimum intensity 

peaks. From the figure.5 (a & b) we measure the FWHM of 
the focal spot size is 0.582 λ and corresponding focal 
depth is ~2 λ. We measure the radial component as 25% 
of the total intensity which is shown in fig.5 (a). However, 
the Fig.6 illustrates the evolution of three dimensional 
light intensity distribution of the high NA lens for the 
cosine parameter value of C = 6.4, It is observed multiple 
focal spot moves near and far from the optical aperture 
along optical axis which is shown in Fig.6(a) and (b). In 
optical trapping system, it is usually deemed that the 
forces exerted on the particles in light field include two 
kinds of forces, one is the gradient force, which is 
proportional to the intensity gradient; the other is the 
scattering force, which is proportional to the optical 
intensity. Therefore, the tunable focal shift predicts that 
the position of optical trap may be controllable and five 
peaks mean that there may appear five optical trappings. 
The Fig.7 shows the cosine parameter values of C=2.4, 
C=2.6, C=3 and C=6.8. It can be seen from Fig.7 a–c the 
generated focal spot in focal region shifts away from the 
optical aperture along optical axis on increasing cosine 
parameter C, namely focal shift phenomenon occurs in the 
positive on axial directions. When increasing C to 3.2, the 
maximum light intensity peak stays away from optical 
aperture is shown in Fig.7 (c & f). It is observed the focal 
shifting is almost linearly and is shown by the rose line in 
Fig. 8. If this focal peak is used to construct one optical 
trap, phase parameter C may be employed to adjust trap 
position, in turn, can transport micro particles. Further 
increasing the value of cosine parameter C = 11.6 are 
shown in Fig.9. It can be seen from this figure that the 
cosine parameter C affects the focal spot segment and is 
shifted far away from the optical aperture z=17λ along 
optical axis, from the figure we measure the FWHM of the 
focal spot size is 0.55 λ and corresponding focal depth is 
2.5λ and is shown in fig.9 (a & b). From above focal 
pattern evolution process, we can see that for certain 
cosine parameter C can alter considerably intensity 
distribution in focal region of radially polarized Laguerre 
Bessel Gaussian beam and many novel focal patterns can 
occur, which can be used to construct tunable optical 
traps. Relative intensity value of the radially polarized 
component and longitudinal polarized component can 
affect the total intensity distribution considerably. 
Therefore, focusing properties of the radially polarized 
LBG beam may find very wide application in optical 
tweezers system and particle acceleration. 

 
 
 
 
 
 
 
 
 
 
 
 

Fig.2. (a) 2D intensity distribution at z = 0λ. (b) On axial intensity at r= 0λ (c) 3D intensity distribution. 
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Fig.3. 3D and 2D Intensity distributions in focal region for NA=0.9, (a & d) C = 0.4, (b & e) C = 0.6, (c & f) C=5.2 
respectively. 
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Fig.4. Dependence of focal hole shift near from the optical aperture under condition of NA = 0.9 on increasing C. 

 

 
Fig.5. (a) 2D intensity distribution at z = -10 λ. (b) On axial intensity at r= 0λ (c) 3D intensity distribution. 
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Fig.6. (a and b) 2D and 3D intensity distributions for C=6.4. 
 

 
 

Fig.7. 3D and 2D Intensity distributions for NA=0.9, (a & d) C = 2.2, (b & e) C = 2.6 and (c & f) C = 3.2 respectively. 
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Fig.8. Dependence of focal hole shift far from the optical aperture under condition of NA = 0.9 on increasing C. 
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Fig.9(a) 2D intensity distribution at z = 17 λ. (b) On axial intensity at r= 0λ (c) 3D intensity distribution. 

 
4. CONCLUSION 
In conclusion, focal shift of radially polarized laguerre 
bessel gaussian beam investigated theoretically by vector 
diffraction theory in high numerical aperture lens system. 
Results show that the intensity distribution in focal region 
of the radially polarized laguerre bessel gaussian can be 
adjusted considerably by the cosine parameter C. Focus 
can shift along optical axis on increasing C, and focal 
pattern changes are observed. Moreover, by altering 
frequency parameter of the phase mask will change the 
energy distributions of maximum intensity peak and other 
small intensity peaks appeared. And novel focal patterns 
also evolve considerably, such a tunable focal shift can be 
used to construct and alterable optical trapping. 
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