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a b s t r a c t

In this paper, we present the generation of optical vortices using an abruptly autofocusing beam that is
combined from multiple Bessel-like beams, diffracted by a radial phase shift modulated spiral zone plate
(RSSZP). The analytical formula for the diffracted wave field amplitude of the produced beam is derived
based on the Fresnel diffraction integral formula. The results show that the intensity distributions of the
produced output beam in radial direction are determined by the initial beam parameters and the RSSZP
parameters, such as shifting parameter and topological charge. The present work gives also the diffraction
by a RSSZP of a fundamental Gaussian beam which is deduced as a particular case in this investigation.

� 2018 Elsevier Ltd. All rights reserved.

1. Introduction

In the last two decades, optical vortex laser beams with a ring-
shaped intensity profile have attracted much attention [1–5],
because they can possess an orbital angular momentum
of �l—h for each photon corresponding to the azimuthal phase fac-
tor, exp �iluð Þ; where l denotes the topological charge. Due to of
this unique property, these beams have a lot of potential applica-
tions in a number of specialized areas such as optical communica-
tions, optical tweezers, optical trapping and in the manipulation of
small particles [6–8]. Therefore, many efforts have been devoted to
generate the optical vortex laser beam [9–20]. Khonina et al., have
studied a possibility to produce a vortex laser beam using phase
spiral plate (SPP) and helical axicon [9,10]. The conversion of the
Gaussian laser beam by a fork-shaped hologram into optical vortex
beam has been investigated [11,12]. Recently, much work have
been reported to study the generation of optical vortices and gen-
eralized spiraling Bessel beams by use of the helical axicon and of
the curved fork shaped hologram [13–20].

On the other hand, a laser beam with phase singularities can be
possessed in the simplest case the form of spiral Fresnel zone plate
which is able to generate a phase front containing screw disloca-
tions known as optical vortex [21]. In 2014, Sabatyan and Meshgin-

qalam [22] have introduced a type of Fresnel zone plate in which
its phase is shifted radially and results in an annular beam at the
focal plane. The produced element is called a RSSZP that created
by modulating of both a radial phase shift and a spiral zone plate
phase. Other type of square array of optical vortices can be gener-
ated by multiregion spiral square zone plate (MRSSZP), has been
presented [23]. More recently, Sabatyan and Behjat [24] have pro-
posed a novel diffractive element to produce a perfect vortex beam
by using a RSSZP.

In the present work, we will explore and investigate the gener-
ation of optical vortices which created by illuminating a RSSZP
with abruptly autofocusing beams (AABs). However, to the best
of our knowledge, the diffraction by a RSSZP of AABs hasn’t been
investigated yet. The rest parts of the paper are organized as fol-
lows: In Section 2, we present the definition of an input field dis-
tribution and intensity profile of AABs. The intensity distribution
of AABs diffracted by a RSSZP, expressed in an analytical formula
by using the Fresnel diffraction integral formula, will be estab-
lished in Section 3. In order to illustrate the obtained results and
analyzing the effect of some parameters on propagation properties
of produced output beam, some numerical calculations are pre-
sented in Section 4. Finally, conclusions of the present work are
presented in Section 5.
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2. Incident field distribution of AABs

Based on Ref. [25], an abruptly autofocusing beam (AABs) that is
combined from multiple Bessel-like beams can be described math-
ematically as

U x; y;0ð Þ ¼ A1exp iQ1 x; yð Þð Þ þ A2exp iQ2 x; yð Þð Þ; ð1Þ
where

A1 ¼ exp � x2 þ yþ að Þ2
� �

=w
� �

;A2 ¼ exp � x2 þ y� að Þ2
� �

=w
� �

is the

Gaussian beam with a size w and a beam center 0;�að Þ and 0; að Þ.
Q1 is the corresponding phase for A1. To increase the local intensity
density of the focal point, the combined autofocusing beam with
number n (1000 or even more) component Bessel-like beams can
be described as follows

U r;0ð Þ ¼ A1exp iQ1 x; yð Þð Þ þ A2exp iQ2 x; yð Þð Þ þ A3exp iQ3 x; yð Þð Þ
þ:::þ Anexp iQn x; yð Þð Þ

¼ P2p
h¼2p=n

exp � x�acoshð Þ2þ y�asinhð Þ2
w

� �
exp iQ h x; yð Þð Þ:

ð2Þ
If n ! 1; and by introducing polar coordinates as x ¼ rcosh and

y ¼ rsinh; the initial beam becomes [25]

U r;0ð Þ ¼ exp � r � að Þ2
w

 !
exp iQ r � að Þð Þ; ð3Þ

Fig. 1, displays the incident intensity distribution of AABs for
different values of the initial coordinate parameter a (=0, 0.75
mm, 1.25 mm, and 2.27 mm), which simulated from Eq. (3).

It can be seen from this figure that, if a = 0, the intensity profile
reduces to the case of a fundamental Gaussian beam (Fig. 1a).
While, for the case of nonzero of parameter a, the radius of dark
ring at the center appears and increases with a increases (see
Fig. 1(b–d)).

3. Mathematical description of AABs diffracted by RSSZP

RSSZP is a well-known diffracted element that is produced by
the modulation of the spiral Fresnel zone plate and the radial phase
shift. The RSSZP’s transmittance function t r;/ð Þis defined by the
following expression [24].

t r; uð Þ ¼ exp �i
p r � aRð Þ2

kf
þ ipu

 !
; ð4Þ

where r;uð Þ are polar coordinates, k is the wavelength of the inci-
dent beam, R and f are the radius and the focal length of the ele-
ment. p is the topological charge and a is the shifting parameter.
Figs. 2 and 3 show the geometry of RSSZP. In Fig. 2, the parameters
used in the simulation are: p = 2 and three values of a = 0.05, 0.1
and 0.2. The other parameters are set as k ¼ 632:8nm; f = 500 mm
and R = 6 mm. From Fig. 2, when the increase of shifting parameter
a,the phase distribution of the RSSZP changes and becomes more

observable. Fig. 3 shows the influence of the topological charge on
the phase structure of the RSSZP. However, from this figure, we
can see that, when the topological charge is equal to zero, the pro-
duced element corresponds to a simple radially phase shifted zone
plate. Moreover, the number of spiral arms increases at the center
with increasing p (see Fig. 3(b-d)).

On the other hand and in order to study the generation of opti-
cal vortices created by the illumination of AABs with the RSSZP, the
field distribution situated at a distance z from the RSSZP plane, can
be described by the Fresnel-Kirchhoff integral as follows [26]

U q;u; zð Þ ¼ ik
2pz

exp �ik zþ q2

2z

� �� �Z1
0

Z2p
0

t r;uð ÞU r;0ð Þ

� exp �i
k
2

r2

z
� 2rqcos u� hð Þ

z

� �� �
rdrdu; ð5Þ

By substituting Eqs. (3) and (4) into Eq. (5), the field distribution
can be written as

U q; h; zð Þ ¼ ik
2pz

exp �ik zþ q2

2z

� �� �Z1
0

Z2p
0

exp �i
p r � aRð Þ2

kf
þ ipu

 !

� exp
� r � að Þ2

w

 !
exp iQ r � að Þð Þ

� exp �i
k
2

r2

z
� 2rqcos u� hð Þ

z

� �� �
rdrdu: ð6Þ

We recall the following integral formulae [27]

Z2p
0

exp ipuþ ixcos u� hð Þ½ �du ¼ 2p ipexp iphð ÞJp xð Þ; ð7Þ

where Jm is the m-th order Bessel function of the first kind and after
integration over the azimuthal variable u, Eq. (6) becomes

U q; h; zð Þ ¼ ipþ1k
z

exp �ik zþ q2

2z
þ a2R2

2f

 !" #
exp � a2

w
þ iQa

� �� �
eiph

�
Z1
0

exp �br2
� 	

Jp
kq
z
r

� �
exp crð Þrdr;

ð8Þ
where

b ¼ 1
w þ ik

2
1
f þ 1

z

� �
and c ¼ 2a

w þ iQ þ ikaR
f :

The radial integral of Eq. (8) can be solved analytically by using
Taylor series as [27]

exp c rð Þ ¼
X1
n¼0

c rð Þn
n!

: ð9Þ

Then substituting this later relation into Eq. (8), this last equa-
tion reduces to

Fig. 1. 3D intensity distribution of AABs at the source plane z = 0, for w = 0.5 mm, with various initial coordinate: (a) a = 0, (b) a = 0.75 mm, (c) a = 1.25 mm and (d) a = 2.27
mm.
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