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Abstract

Focus shaping of cylindrically polarized vortex beams (CPVBSs) by linear axicon is studied theoretically.
Vector diffraction theory has been used to derive the expressions of the light field in the focal region. It is
shown that a different intensity distribution in the focal region can be obtained by adjusting the topological
charge, the polarization rotation angle and the numerical aperture maximal angle. A focal spot, a dark channel
and a flat-topped shapes are formed by choosing proper values of parameters. A controllable polarization
state of dark channel is obtained. The different focal region shapes may find wide applications such as

material processing and optical tweezers.
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1. Introduction:

In recent years, vortex beams have attracted a lot of
researchers attention due to their unique properties and
wide applications. They possess a null intensity at the
center a long the optical axis due to phase singularities
and a helical phase structure of exp(ilg), where 1 is the
topological charge and ¢ is the polar coordinate in the
plane perpendicular to the optical axis [1-5]. In addition
to phase singularities, there are different types of
polarization singularities such as radial polarization,
azimuthal polarization and circular polarization. Laser
beams that have both phase and polarization singularities
have been successfully used in different applications
such as optical manipulation of particles, particle
acceleration, optical communication, lithography, and
material processing [6-10].

Focusing of CPVBs have attracted a great attention of
researchers interest due to their unique special properties
[5, 11]. For instance, focusing radially polarized vortex
beams can produce a very strong longitudinal electric
field in the focal region and a sub-wavelength focal spot
[7] and azimuthal polarized vortex beam can present
hollow focus on the position of optical axis in focal plane
[12]. In addition, the azimuthal polarization can be
convert into the radial polarization, or vice versa [9].
Recently, focus shaping of CPVBs have been studied
[10, 13-16]. To the best of our knowledge, the previous
studies have been discussed focusing CPVBs by
spherical lens. However, there is no studies on focusing

CPVBs by axicons; although, they are the most efficient
optical elements that generate beams with large focal
depth. Therefore, in this article, we will discuss the focus
shaping of CPVBs by linear axicon.

In this article, focus shaping of CPVBs through linear
axicon are numerically investigated in detail. The
theoretical model are introduced in section 2. In section
3, the numerical results and discussions are shown. The
results are concluded in section 4.

2. Theoretical Model

The scheme of optical system is shown in Fig.1, the
axicon put on the optical aperture that its reduce p,,, the
electric field of CPVBs will be considered incident on a
linear axicon to which the transmittance is defined as
T(p) = exp(ibp) where b is the axicon parameter that
indicates the strength of the axicon which can be
rewritten as [17]:

T = exp(lbp) = exp (lbpppL;> = exp (lbpp;;%) =
exp (iB %). 1)

where B = bp,, is the dimensionless axicon parameter,
NA is the numerical aperture and 6 denotes the tangential
angle with respect to the z axis.
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Fig 1. Scheme of optical system

According to vector diffraction theory, the electric
field of the cylindrically polarized vortex beam in the
focal region can be written as [18, 19]:

E(p',¢',2z) = Eyep + Egieq + Ezey, (2)
where e,,, ey, and e, are the unit vectors in the radial,
azimuthal and longitudinal directions, respectively.
E,, Eg, and E, are the amplitude of the three orthogonal
component that can be expressed as:

Ep,(p’, ¢',2)
iA a r2m
= —5—cosdy fo fo Vcos@sin26T (6)P(6)cos(¢p
— ¢"exp(ite)
x explik(zcosf +
p'sinfcos(¢p — ¢"))]dpdo, (3)

E¢,(p’, ¢’; Z)
i a (21
= —ﬂsinqﬁo f f VcosBsindT (6)P(8)cos(¢
T 0o Jo
— ¢"exp(if¢)
x explik(zcos® + p'sinfcos(¢p — ¢"))]dpdo, (4)

E,(p'. ¢, 2)
iA a 21
= ?cosdyo.f f Vcos@sin?0T (0)P(0)exp(if)
0 Y0
x explik(z X cosf + p'sinfcos(¢p —
$"))ldpdo, (5)

where p',¢' and z are the radial, azimuthal and
longitudinal coordinates of observation point in the focal

3. Numerical Results and Discussion

region, respectively. 8 denotes the tangential angle with
respect to the z axis, ¢ is the azimuthal angle with respect
to x axis, k is the wave number and a = arcsin(NA) is
the convergence angle corresponding to the radius of the
incident optical aperture. Using the following formulae

JI" explimg + itcos(p — ¢)]dep =
2mi™exp(img")/m (1), (6)
and

fozn cos(¢p — @) explime + itcos(¢p — ¢')]d¢p =
i™* 1 exp(img") Ums1(t) = Jm-1(O)]- ()

Therefore, the formulae of three orthogonal
component of the electric field in the focal region are
given by

Ey(p', ¢, 2)

itA «a ind

= lTexp(i{’¢’)cos<p0f VcosBsin26exp (iB %)P(G)
0

X exp[ik(zcosO][Jps1 (kp'sing) —
Je-1(kp'sing)]do, (8)
Ed)!(p,! ¢l' Z)
¢ sinf
= it Aexp(if¢")sing, f Vcosfsinfexp (iB m) P(6)
0

X exp[ikzcosO][Jp41 (kp'singd) —
Je-1(kp'sin®)]do, (9)

and
E,(p' ¢, 2)
-, o a . . sin@
= 2i**1 Aexp(if¢")cosp, f cos@sin?fexp (lB m) P(8)
0

x exp(ikzcos0)],(kp'sin0)do, (10)
where J,_4, ], and J,,, are the Bessel function of the first
kind with order £ —1,¢ and ¢ + 1, respectively. The
intensity  distribution  corresponding to different
component (E,, Eg, E,) and the total intensity in the
focal region can be calculated by Egs. 8-10.
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Fig 2. (a)-(c) Intensity distribution of CPVBs in the focal region for radially polarized vortex beams that corresponding to
¢_0=0 under condition I=1, B=2 and 0=80"o.

For all numerical calculation in this paper, it was
supposed that A=1, P(8)=1 and 2=632.8nm. The length
unit in all figures is the wavelength of the incident beam
in vacuum and the polarization rotation angle will be
changed from 0 to /2. All the numerical results have
been evaluted by using Mathematica 9.0.

Fig. 2 illustrates the numerical results of intensity
distribution in the focal region for a=80"¢, I=1, B=2 and
¢_0=0 which is corresponding to radially polarized
incident beam. It is shown from Fig. 2-(a) the radial
component distribution is formed a focal spot with focus
size i.e. full-width at half-maximum (FWHM) 0.433A
with maximum value 0.152a.u. at on-axis maximum
point z=0.334A, for this case i.e. the topological charge
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I=1, the longitudinal component distribution is formed a
focal hole with a dark spot size 0.173A Fig. 2-(b). The
azimuthal component distribution is vanishing.

I 0.250
0232
0.174

0.116

0.058
=3
=3 =2 -1 0 1 2 3

=)
Fig 3. Intensity distribution of CPVBs in the focal
region corresponding to ¢ _0=90"o the other parameters
are the same as those in Fig. 2.

These results clearly understood by analyzing the Bessel
functions in Egs. 8-10. Fig. 2-(c) shows the total intensity
distribution in the focal region with FWHM 0.547\ and
focal depth 1.56A. Fig. 3 shows the intensity distribution
in the focal region for ¢ _0=90"¢, which is corresponding
to azimuthally polarized incident beam. The maximum
value of the intensity distribution equals 0.373a.u. that
located at z=0.30A. Its focal spot (FWHM) and focal
depth are 0.40% and 1.33A, respectively. It is shown that
both radial and azimuthal components are vanishing and
the total intensity distribution has a maximum value
0.373a.u. on the optical axis at z=0.30A which construct
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a highly confined focal spot with spot size 0.40A.

However, our results are agree with focus shaping of
CPVBs by a high numerical aperture lens [13] the
difference is that there is no a definite focus point instead
of it there is a focal region that is extend along the optical
axis z. The focal region is shifted either toward or
outward the axicon lens on the optical axis depending on
the value of axicon parameter and the maximal angle a.

Fig. 4 illustrate the intensity distribution of CPVBs under
condition of I=1, B=2 and ¢ _0=0 for different values of
a. It is shown that the shape of intensity distribution in
the focal region changed and extended considerably on
decreasing o and the maximum point shifted away from
the axicon. It can be seen that the intensity on the optical
axis becomes higher than the intensity around it when the
values of o are decrease thats because the value of
longitudinal component becomes higher than the radial
component. It is shown from Fig. 4—(b) that a flat—topped
total intensity distribution can be obtained when a=60"0
with a flat-topped focus size FWHM (full-width at half-
maximum) of the total intensity equals 1.22A. It is clearly
observed from Figs. 2-(c) and 4-(a)-(c) that the
maximum value of the total intensity shifted away from
the axicon and decreased with extending along the
optical axis as the value of a decrease. There maximum
values are 0.15,0.136,0.10,0.07(a.u.) at
7z=0.33,0.4,0.51,0.71(}) that are corresponding to
a=80,70,60,500, respectively. In addition, the
corresponding focal depth are 1.57,1.77,2.20,3(}).
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Fig 4. Total intensity distribution of CPVBs in the focal region under condition of 1=1, B=2 and ¢ _0=0
with a)o=70"0, b)a=60"¢, c)a=50"0 and d) a=40"o.

A flat-topped total intensity distribution can be achieved
when one, as shown in Fig. 4—(b), or two of intensity
components have focal spot and the other one has a focal
hole or vice versa under the condition that the size of the
focal spot is similar to the size of the focal hole. Herein,
it can be obtained by adjusting the value of the
polarization rotation angle ¢ 0 of the optical vortex

beam and a. Fig. 5 illustrates the flat-topped total
intensity distribution in the focal region for B=3, B=4
under condition I=1, ¢ 0=0"e and a=60. The flat topped
focus size FWHM of the total intensity equals 1.16A
which is wider than that obtained when focusing CPVBs
by a high numerical-aperture lens [12]. It indicates that
linear axicon is appropriate for obtaining an idial flat—
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topped focus. Moreover, the flat topped focus sizes are
1.18. and 1212 for ¢ 0=31%0,0=75" and
¢_0=28"0,a=70"0, respectively. It is found that the
maxima of the intensity decreases as well as both o and
processing, microlithography and improving printing
filling factor.

¢_0 decrease. In the other hand the flat topped focus size
increases. This flat—toped is may be useful in material
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Fig 5. Total intensity distribution of CPVBs in the focal region under condition I=1, ¢_0=0"o and
=60 with a)B=3 and b)B=4

We can note from Egs. 8-10 that for I=1,0 or -1 a nonzero
intensity on the optical axis is obtained due to the
presence of Bessel function of the zero-order. However,
for all other topological charge a zero intensity on the
optical axis, i.e. a dark channel along the optical axis, is
obtained due to the destructive interference. Fig. 6 shows
the total intensity distribution of focal hole 1=2 with
different values of @ 0. The focal hole size is increasing
as well as ¢ 0 decrease. It is 0.3A at z=0.33\ for
azimuthally polarized vortex (¢p_0=90"°) Figs. 6—(a) and
0.45) for radially polarized vortex ¢_0=0"e Figs. 6—(d).
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Moreover, a longitudinal polarized dark hollow channel
is achieved at focal region when (¢_0=0") and
azimuthal polarized dark hollow channel with a side
lobes is achieved at the focal region when (¢_0=90"0).
These side lobes are reduced as well as ¢_0 decrease. In
addition, it can be seen that by adjusting the value of ¢_0
the polarization state of dark channel is changed
considerably from azimuthally polarized when ¢_0=0 to
linearly polarized dark channel when ¢_0=90.

-4 -3 -2 -1 0 1
2(A)

: 3 4]

Fig 6. Total intensity distribution of CPVBs in the focal region (a) ¢_0=90"0, (b) ¢_0=70"0 (c) ¢_0=40"0;
(d) ¢_0=0" for I=2. The other parameters are the same as those in Fig.2
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4. Conclusion

In conclusion, focus shaping of CPVBs by linear axicon
is studied numerically by using the vector diffraction
theory. It is observed that by tuning the polarization
angle, topological charge and the numerical aperture
maximal angle different shapes such as focal spot, flat-
topped and focal hole are obtained. A longitudinally
polarized dark hollow channel and azimuthally polarized
dark hollow channel are obtained at focal region when
¢@_0=0"0 and ¢_0=90"o, respectively. Moreover, a flat-
topped beam can be obtained by adjusting the value of
the polarization rotation angle. The different focal region
shapes may find wide applications such as material
processing and optical tweezers.
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