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We investigate a family of radially polarized Pearcey—Gauss vortex beams (RPPGVBs), obtain the general propagation
expressions of an RPPGVB, and study the intensity distribution, phase pattern, spin currents as well as the orbital currents
when the RPPGVB propagates in free space. The focal plane and the intensity of the focal point can be adjusted by
changing the position of the vortex and the scaling factors. We also investigate how the waist size influences the propagation

properties.
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1. Introduction

Recently, the vortex beams which contain the phase sin-

U-141 and some of their

gularity have attracted much attention,
interesting properties are revealed. For instance, Gahagan and
Swartzlander have demonstrated three-dimensional radiation
pressure trapping of a low-index (hollow) spherical particle in
water using a Gaussian beam containing an optical vortex.!]
The work of Ng et al

optical vortices must be stabilized by ambient damping.t!

suggested that particles trapped by

What’s more, Soskin et al. have studied the transformations
of topological charge during propagation in free space and
established the general rule for angular-momentum density
distribution of a vortex beam within a Gaussian envelope.[*!
The accesses to generating vortex beams have been researched
as well including computer-generated holograms,?! two cas-
caded metasurfaces,!®! three-plane-wave interference, and so
on.[”-19 Up to date, the vortex beams have been applied in
many areas such as carrying information, trapping and guid-
ing particles.!1!-14]

Laser beams with radial polarization have attracted

[15-20] They are featured by a totally

widespread attention.
symmetrical electric field in which the electric vector is ra-
dially distributed along the beam axis.!!3] Radially polarized
beams are sharply focused light beams and can be applied in
some optical instruments and devices such as lithography and
confocal microscopy.!'®! In addition, radially polarized beams
have a higher efficiency than the plane p-polarized and circu-
larly polarized beams in the area of the laser cutting.!!”! There

are also various studies on generation of radially polarized

DOI: 10.1088/1674-1056/ab8202

beams. For example, Machavariani ef al. have introduced a
transformation of a linearly polarized Gaussian beam to a ra-
dially polarized doughnut (0,1)* Laguerre-Gaussian beam of
high purity.!"®! Moreover, Yonezawa et al. have achieved suc-
cess by use of a laser resonator including a c-cut Nd:YVOq4
crystal as the laser medium. %]

On the other hand, beams with special functions, such as
Airy beams and Bessel beams, have been widely investigated
recently.[?1=23 The Pearcey beams, based on the Pearcey func-
tion, were firstly illustrated by Pearcey in 1946. However, they
have not attracted much attention until these years. In 2012,
Ring et al. described the theory of Pearcey beams’ propa-
gation and presented experimental verification of their auto-
focusing and self-healing behavior.!?*! Afterwards, Deng et al.
demonstrated the virtual source of a Pearcey beam.!*! Ren et
al. introduced dual Pearcey (DP) beams based on the Pearcey
function of catastrophe theory.[*! However, generating and
studying Pearcey beams experimentally are not easy because
of the infinite size of Pearcey beams’ cross sections. Scientists
tend to add a Gaussian envelope to a Pearcey beam and ob-
tain the Pearcey—Gauss beam. The characteristics of Pearcey—
Gauss beams such as the propagation properties and vecto-
rial structures have been revealed well by researchers./?+%7]
Although theories about the properties of beams mentioned
above are numerous, there are few reports on propagation
properties of a radially polarized Pearcey—Gauss vortex beam
(RPPGVB). Thus, we introduce this beam and investigate its
propagation properties. The intensity pattern, phase pattern,
spin currents and orbital currents of an RPPGVB propagating

in free space are involved in our discussion.

*Project supported by the National Natural Science Foundation of China (Grant Nos. 11775083 and 11374108) and the National Training Program of Innovation

and Entrepreneurship for Undergraduates, China.
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The structure of this work is as follows. In Section 2,
we derive general propagation expressions of an RPPGVB by
solving the paraxial propagation equations and find out the
factors influencing the propagation of the RPPGVB. Then we
elicit some conclusions based on those expressions. In Sec-
tion 3, we present and analyze multifarious patterns including
intensity patterns, phase patterns as well as the patterns of spin
currents and orbital currents, which are helpful for building
deeper understanding of an RPPGVB. Finally, we draw the
conclusion in Section 4.

2. Establishment and analysis of free-space
propagation expressions of an RPPGVB

We assume that the RPPGVB propagates along the z-axis
in the Cartesian coordinate system. At z = 0, the electric field
of the RPPGVB can be expressed as

2 2
X0 Xo Yo X5+
o) = e (5 ) (25°)

W
Xo—Xd | 1(Yo—ya
[ x ( y/ ):| €x, (1)
Yoo (X0 Yo X3 +3
EO}'(-X()?yOvO) = */PC E exp —— 5
y Xy wp
[xo;xa L l(yoyj)’d)] e, @)

where x’ and y’ are scaling factors, wy is the waist radius of the
RPPGVB, x4 and yq describe the transfer in the x and y direc-
tions, respectively. What’s more, Pe (xo/x’,yo/y’) represents a
Pearcey function. Generally, the Pearcey function is taken as

the following integral representation: 2428

“+oo

Pe(x,y) = dsexp [i (s4 + 52y + sx)]. 3)

On the other hand, in the case of paraxial approximation,
the propagation expressions of the RPPGVB in free space con-

form the following equations:[2°-3%!

ik [t e
Ex(x,y,z) - 7TMGXP(71]€Z)/_ 8 Eoy (X(),y(),())
ik
cenp {3 [+ -0 f oo, @)
ik e e
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where k = 2m/A denotes the wavenumber, A is the wave-
length, and z is the propagation distance. We are able to obtain
the propagation expressions of the RPPGVB in free space by
substituting Egs. (1) and (2) into Egs. (4) and (5)

Ey(x,y,2)
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According to Egs. (6) and (7), we are able to obtain the so-

X' = xTM(l
X

lutions to describe singularities of E, and E, by presuming
E(E, — oo. Then we find the solutions also to make XYX'Y’
infinite. The expressions of XY X’ and Y’ present a common
feature that there is a polynomial whose exponent is negative.
If we assume x, y and z to be all finite values, those polynomi-
als with a negative exponent will be infinite. Finally, we can
list the following equation for E, and E,:

i /1 ik\7!
+—(5-=) =o 8
4y2 (W(z) ZZ> ®)

From Eq. (8), we find the existence condition and the position
of singularity for E, and Ey: y < w and z = 2ky'%.

From the above equations, we know that the RPPGVB
focuses at z = 2ky/2 when it propagates in free space and we
take this distance as z.. What’s more, when X =Y =0, we
=0and Ay,
displacements of the beam from the initial position in the x-

can obtain Ax; =y'z/(2kx'?), which represent the
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and y-direction, respectively, for E,. Displacements for E, can
be expressed as Axy = 0 and Ay, = y'z/(2kx'?).

The four displacements imply that the x-component of the
RPPGVB never displaces while the y-component has the same
displacements for the x- and y-components.

3. Propagation properties of the RPPGVB

Figure 1 is the intensity profile of the RPPGVB at differ-
ent planes as z increases in free space. When the propagation
distance is not very long, there is one vortex in the central part
of the profile and two faculae above the bands of main lobes.
When z continues to increase, another vortex and two faculae
form below the light lobes, as shown in Fig. 1(c). The vor-
texes expand while the faculae shrink until z = z., where the
RPPGVB focuses at a point where x =y = 0. When z > z,
the intensity pattern reverses. From Fig. 1, we also find that
the energy of the RPPGVB primarily distributes on the main
lobes while a little energy distributes on the other parts in-
cluding the side lobes and faculae. This effect is even more
apparent when the propagation distance approaches z.. What
is more, the peak intensity increases firstly before z = z. and
then decreases as z increases.

Figure 2 depicts the intensity of the RPPGVB at 7 = 0.5z,
in free space with changing x’ and y'. It is quite clear that
the RPPGVB’s profile shifts along the negative y-direction as
scaling factors x’ and y’ increase. Meanwhile, the maximum
value of the intensity decreases rapidly and the lobes of the
RPPGVB become more distinct with the intensity range be-
coming smaller. When scaling factors reach a certain size,

xX10%
I5.4
4.0

2.0

r y/mm

z/mm

—-2.1 -0.7 0.7 2.1

x' =y = 0.4 mm, for example, the shape of overall RPPGVB’s
cross section will become blurred, as shown in Fig. 2(f).

All parameters of Fig. 3 are the same as those in Fig. 2
except that the propagation distance equals z.. It is apparent
that the RPPGVB focuses at z = z. when the scaling factors
are relatively small. From Figs. 3(a)-3(f), it is interesting that
the focusing effect is the strongest when x’ =y = 0.05 mm. If
we keep increasing the scaling factors, the focal point will dis-
appear while the energy still gathers around the center of the
beam’s profile. What’s more, it is shown in Figs. 3(a)-3(f) that
the peak of the intensity gradually decreases to a very small
value as the scaling factors increase. Comparing Fig. 3(a) with
Fig. 3(f), it is also easy for us to learn that the peak intensity
with ¥’ =y = 0.04 mm is almost thirty thousand times as large
as that with ¥’ =y = 0.05 mm.

Figure 4 exhibits the intensity of the RPPGVB with dif-
ferent waist sizes in free space. When wy = 0.4 mm, there
are only three bright spots where the energy concentrates in
the RPPGVB’s cross section. However, the whole cross sec-
tion as well as the facula enlargers and the pattern of the in-
tensity distribution is more and more obvious as wy gradually
increases, which is presented by Figs. 4(b)—4(f). Moreover,
in Fig. 4, the peak of the intensity exhibits increasing with
an enlarging waist. Interestingly, from the peak intensities
shown in Fig. 4, we also find that the increased rate gradu-
ally decreases as wg grows linearly. For example, the peak
intensity for wp = 0.6 mm is five times as large as that for
wo = 0.4 mm. However, the multiple reduces to 3 when wy
changes from 0.6 mm to 0.8 mm, which even decreases to 1.8
when wy changes from 1.2 mm to 1.4 mm.

X104
I6.3

4.6

xX10%
6.7

5.0

2.3 2.5

2.6 1.5

0 0

Fig. 1. Synthesizing intensity distribution as the RPPGVB travels along the z-axis in free space with parameters: A = 500 nm, xg4 = yg =0,
X =y =0.1 mm, wp =2mm: (a) z=0, (b) z= 0.3z, (c) z = 0.82, (d) z = ze, (€) z= 1.2z, (f) z = 1.8z¢. The unit of the intensity in all the

figures is cd.
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I5100 I35O
3400 234
1700 117
0 0

Fig. 2. Synthesizing intensity at z = 0.5z when changing the values of x’ and y’ with parameters A = 500 nm, n, = ne = 1, x4 = yq = 0,
wo=2mm: (a) X =y =0.04 mm, (b) ¥ =y = 0.05mm, (c) X' =y’ =0.07 mm, (d) ¥ =y = 0.1 mm, (¢) ¥ =y = 0.2mm, (f) ¥ =y = 0.4 mm.

X106

I7.5 (b)

5.6

2.8

r y/mm

—2.1 -0.7 0.7 2.1

X106 X105
I7.2 Il0.0

5.4 7.4

2.7 3.7

0 0

3

x10 I285

7.0

5.2 190

2.6 95

0 0

Fig. 3. Synthesizing intensity at z = z. when changing the values of x’ and )’ with parameters A = 500 nm, x4 = yq = 0, wop = 2 mm: (a)
X =y =0.04mm, (b) X =y =0.05mm, (c) ¥ =y =0.07mm, (d) ¥ =y =0.1 mm, (¢) ¥ =y =0.2mm, (f)x' =y = 0.4 mm.

Figure 5 demonstrates the intensity at z = 0 when the val-
ues of xg and yq are changed. From Figs. 5(a) and 5(b), we
find that a part of the RPPGVB’s lobes disappear when x < 0,
which means that there is a vortex at that position. From
Figs. 5(a)-5(c), we find that the vortex moves at an angle to
the positive x-direction. The energy of the RPPGVB mainly
distributes on the lobes at x > 0. The main part of the facula
appears at x > 0 and xq4 = yq < 0 in Figs. 5(a) and 5(b), and
the peak intensity tends to decrease with the increase of the

displacement. When x4 and y4 equal 0, as shown in Fig. 5(c),
the number of the faculae is two and the vortex just locates at
the center of the RPPGVB'’s profile. What’s more, the whole
cross section is symmetric about x = 0. The missing part of
the lobe pattern reappears as well. When xq4 and yg are farther
than zero, the energy mostly transfers to the lobes at x < 0 and
the facula at x > 0 disappears. What’s more, the peak intensity
increases when x4 and yq get larger positive values, as shown
in Figs. 5(d)-5(f).
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I134

90

45

r} y/mm

1700

I690

460

Fig. 4. Synthesizing intensity at z = 0.5z when changing the value of wy with parameters A = 500 nm, x4 = yq = 0, ¥ =y = 0.1 mm: (a)
wo = 0.4 mm, (b) wg = 0.6 mm, (c) wy = 0.8 mm, (d) wo = 1 mm, (e) wo = 1.2 mm, (f) wo = 1.4 mm.

X105
2.2

1.6

0.8

r y/mm

X104
10.3

7.6

3.8

0

—-1.35 0 1.35

X104 X104
10.1 5.4
7.4 4.0
3.7 2.0
0 0
X104 X105
17.1 3.7
12.6 2.8
6.3 1.4
0 0

Fig. 5. Intensity at z = 0 when changing the values of x4 and yq with other parameters A = 500 nm, ¥’ =y = 0.1 mm, wy = 2 mm: (a)
X4 =y4 =—2mm, (b) x4 =yq = —1 mm, (¢) x4 = yq =0 mm, (d) x4 =yg = 0.5 mm, (¢) x4 = yg = 1 mm, (f) x4 = yq =2 mm.

Through the previous investigations, we have learned the
RPPGVB will focus on the point z = z. and the scaling factor
y' is much smaller than the waist radius wq. From Figs. 6(a)—
6(f), we find that there is always a focal point at the center of
the profile. What’s more, the faculae assume different shapes
when x4 and ygq get changed. When x4 and yq4 are less than
zero, there are two vortexes at the cross section. When the val-

ues of xq and yq increase to zero, as shown in Fig. 6(c), four

faculae arise and the whole beam’s profile is symmetric about
the x-axis and the y-axis. When x4 and y4 keep increasing, the
faculae shrink at x > 0.

For the intensity, the peak intensity occurs at the focal
point and its value decreases at first and then grows when x4
and yq increase to zero. When x4 > 0 and yq > 0 with the in-
crease of x4 and yq, the peak intensity will become larger and
larger, which is revealed by Figs. 6(d)-6(f).
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X10°%
4.5

3.4

1.7

LJ}/HIHI

1.35

—1.35
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I18.0 2.4
13.4 1.8
6.7 0.9
0 0

X105 X105
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Fig. 6. All are the same as those in Fig. 5 except z = z¢.

Figures 7 and 8 show the phases of the x and the y compo-
nents of the RPPGVB at different propagation distances. The
equiphase zones are narrow bands and the boundaries between
them are more orderly at z = 0 than those at other distances
for both E, and E,. What’s more, there is a clear boundary at
x =0 and z =0 in Fig. 7(a) and the phase is abrupt when it
crosses this boundary, which makes the overall phase distribu-
tion asymmetrical. Similarly, there is a boundary at y = O for
E, at the initial plane from Fig. 8(a). Another attractive point
is that the isophase band bends at the boundary of the lobe
zone at z = 0, which cannot be found in other phase patterns.

—-2.1 -0.7 0.7 2.1

When we turn our attention to other positions, we find that the
phase distribution diagrams at other planes for Ey and E, are
funnel-shaped. Furthermore, the phase boundary at x = 0 is
less obvious than that in the same plane for E,. In addition, we
can learn from Figs. 8(b)-8(f) that funnel graphs are basically
symmetric along x = 0 in each figure of E, except Fig. 8(d).
When the RPPGVB propagates at z = z., two equiphase zones
appear obviously near y = 0 for E, and E,. The phases of the
two regions equal —0.5 rad for E, while the phases of the left
and right parts are equal to 2.5 rad and —0.5 rad, respectively,
for Ey.

Fig. 7. Phase distribution of E, when the RPPGVB propagates along the z-direction. Parameters are the same as those in Fig. 1 and the unit of

phase is rad.
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Fig. 8. The same as Fig. 7 but E,.

x10—3

—4
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2 ://///// TONNNNNANLW Y
i
|
of 1\
-2
—4 —4
—4 -2 0 2 4 —4 -2 0 2 4

Fig. 9. Spin currents at different planes as the RPPGVB propagates
along the z-direction. Parameters are the same as those in Fig. 1 except
(a) z=0, (b) z=10.8z¢, (¢) 2= ze, (d) z= 1.8z. The lengths and direc-
tions of the arrows represent the normalized sizes and directions of the
spin currents.

Figure 9 shows the spin currents at different planes when
the RPPGVB propagates along the z-direction in free space.
At z =0, the sizes of spin currents in the central area are zero
but the ones in other area are not and point at all directions reg-
ularly. Figures 9(b) and 9(c) show the spin currents at z = 0.8z,
and z.. We find that they are similar to each other. Spin current
vectors at the central area point around, while the surrounding
ones have a tendency to point toward the positive direction of
the y-axis. In addition, spin current vectors which are away

from x = 0 are larger than those near x = 0 in size. When z
equals 1.8z, there are two small areas whose shapes are like
vortices on both sides of x = 0. The spin currents around x =0
roughly point to the positive direction of the y-axis.

X10-3

X10-3
4

Fig. 10. All parameters are the same as those in Fig. 9 except the or-
bital currents of the RPPGVB. The lengths and directions of the arrows
represent the normalized sizes and directions of the orbital currents.

Figure 10 presents the orbital currents of the RPPGVB
as it propagates along the z-direction. At z = 0, sizes of or-
bital currents around the central part equal zero. Contrary
to spin currents, the orbital currents everywhere point at the
center of the figure at z = 0. When z equals 0.8z, and z,
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nearly all orbital currents point to the positive direction of
the y-axis. Large orbital currents gather in the region where
—2mm < x <2 mm and —2 mm < y < 0. When z continues
to increase, the orbital currents in the upper part of the image
and the gathered area of orbital currents become larger. When
zequals 1.8z, the area extends to —2.5 mm < x < 2.5 mm and
—1.7mm <y < 2.8 mm. All of the orbital currents still point
at the positive direction of the y-axis.

4. Conclusion

We have introduced a new type of beam named as the
RPPGVB and studied its propagation properties. Although
all parameters have effects on the RPPGVB’s intensity pat-
tern and the energy distribution, the main roles they play are
different. For example, the scaling factors mainly affect the
value of the intensity but have few effects on the intensity dis-
tribution. When enlarging the radius of the RPPGVB’s waist,
the area of the RPPGVB’s cross-section expands accordingly,
whereas the relative intensity distribution changes a little. The
displacements of the vortex mainly influence the energy dis-
tribution and the shape of patterns of the RPPGVB. The spin
currents and orbital currents of the RPPGVB are researched
as well. We find that with the increase of the propagation dis-
tance, the spin currents tend to form two vortices at the center
of the RPPGVB’s profile while the orbital currents gradually
point at a specific direction orderly. Our investigation will pro-
vide a better understanding about the state of the RPPGVB
propagating in vacuum and be useful for applications in infor-

mation transmission.
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