BAlE 6

hoE W ot

2014 4 6 1 CHINESE JOURNAL OF LASERS June, 2014

Movement of the Core and the Centroid of Off-Center Gaussian
Vortex Beams during Propagation

Ding Panfeng Pu Jixiong

(School of Information Science and Engineering, Huaqiao University, Xiamen , Fujian 361021, China)

Abstract While using the spiral phase plate (SPP) to produce Gaussian vortex beams, the center of the beam and
the center of the SPP should be superposed. However, the center of the beam is always away from the center of the
SPP to some extent in practice. The real output light from the phase plate are off-center Gaussian vortex beams. For
conventional vortex beams, the core and the centroide are the same point and always located at the center during
propagation. The off-center Gaussian vortex beam is different from the conventional vortex beams and its propagation
is investigated in this paper. Research result shows that the core and the centroid of the off-center vortex beam are
separate and moving during propagation. The directions of movement of the core and the centroid are decided by the sign of
the topological charge. The movement distance of the core has no connection with the magnitude of the topological charge.
However, the movement distance of the centroid is related to the magnitude of the topological charge.
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1 Introduction

The concept of vortex beams was firstly introduced
by Nye et al.' in 1974. Because of its special
properties and potential applications™ *', optical vortex
beams attracted a great deal of attention from
researchers® ' . At present, a convenient and reliable
method to produce this special beam is to use spiral
phase plate (SPP). However. while the original
Gaussian beam from laser is projected onto SPP, the
center of the original beam and the center of the SPP
are not superposed entirely, i.e. the generated vortex
beam is off-center. It is found that the intensity
distribution of the off-center vortex beam changes
asymmetrically, the core of the beam moves during
propagation and the sign of the topological charge
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decides the moving direction''"’. Besides the intensity

distribution, the phase distribution and the centroid are
equally important for an optical beam. Recently, the
changes of the centroid position of optical beams are
intensively investigated while propagating in turbulent
atmosphere, and it is pointed out that the centroid
position is independent of turbulence, but mainly
determined by the centroid positions at the source plane
and the elements of optical transfer matrix"**’. In this
letter, we will focus our discussion on the exact phase
distribution and the position of the centroid of off-center
vortex beams during propagation in free space. The
details of the movement characteristics of the core and
the centroid are investigated.
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2 Electric Field of the Off-center Gaussian Vortex Beam During Propagation
Generally, it is assumed that the electric field in the source plane is a Gaussian field with optical vortex. If the
center of phase (vortex core) is off the geometric center, the field can be expressed as (m >0)

EG = 0) = Epexp(— T 120 ) (Ll —a ) (J;__“;liye ) (1)

where E, and ¢ are the characteristic amplitude and beam width in the source plane, m is the topological charge, and
the vortex core is located at the point of (a., 0) in the Cartesian coordinate system. The superscript denotes the
coordinates of the points in the source plane of z = 0. According to the diffraction theory™®, the electric field in the
observation plane after propagation can be obtained by integration as

E(x,y,z) =— %exp(i/zz)HE(I/,y/,z = O)exp{;fk[(l‘* 2P+ (y— )] d2’dy’, (2)
< Z
where A is the wavelength and 2 = 2x/A . Thus by substituting Eq. (1) into Eq. (2), we obtain
ECroy.2) = Coﬂexp[— & (2?4 %) — ‘Z—kmf +yy/>](x/ —a+iy)"dedy s (3)
where
C, == iE, exp[ikz + ik(x® -l—y“)}
Az 2 (4)
lz:gf&
“ oa 2z
. ./ ikx 7 lky .
By settingu = &' + —, v=y + =, Eq. (3) can be written as
22a° 2za°
2, 2 2
ECroy.o) = G, exp[— %}Jjexp[* &+ ) 1+ v+ 2" dudo, 5)
pey
where
o —ik (2%
zfzmz[x—wm(y ka?a”. (6)

By integral transform technique, we obtain
_E,— ik . ik K ) ) o o 2z
E(x,y,2) = > (220(2 > Cxp[lkz + <272 W)(r +u )}[1 a+ 1<y @a)] . «P)
Eq. (7) is the analytical expression of the electric field of the off-center Gaussian vortex beam during propagation.
If the topological charge is negative ( m<C0), the expression can be obtained with the same method to be

2 (Z_Z;k )WH <%>wexp[ikz 4 (;—i — Aj—g)u + yz)][r— a— i(y+/fa—iu) I (8)

El(x,y,z) =

—m

o

3 Movement of the Vortex Core and the Phase Distribution of the Beam During Propagation
3.1 Movement of the Vortex Core
Eqations (7) and (8) contain three parts. The first part shows the common constant for all the points in the
observation plane; the second part is actually the function of 2 4+ y° and displays the propagation character of
Gaussian beam; the third part decides the position of vortex core, which can be expressed in the Cartesian coordinate
system as
JIO =a, Y, :szza (m > 0)
(9

2727“ (m < 0)
ko®

It is obvious that the core is moving while propagating. The movement distance is proportional to propagation
length and has no connection with the magnitude of topological charge. It can be found that the move speed is higher
if the wavelength is larger and the beam width of the original optical source is smaller. If we project the position of
the core on the -y plane, it is obvious that the moving trace Y
of the vortex core is tangential to the line connecting the
original vortex core and the geometric center (origin of
coordinates) of the beam in the source plane, clockwise for COTCRESw
positive topological charge and anticlockwise for negative
topological charge. Fig.1 presents the intuitionistic map of
the movement dynamics of the vortex core. The arrows show
the moving directions of the core.

as Vo, —

m>0

o)

m<0

Fig.1 Movement of the vortex core while propagating
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3.2 Phase Structure
From Egs. (7) and (8), the phase distribution of the beam can be obtained. The equiphase line of the electric field
in the observation plane can be expressed as

. 2 2 _ 2
Jizzk?;er_Zj’ ) —+ marctan(iy xzizikg ): C (m>0)
' ‘ , Q)
2 2 . 2
172%241_'__232 ) -+ marctan(iy Jifiz:ka >: C (m<0O)

where C denotes the magnitude of different equiphase lines. To provide straightforward information of the phase
distributions of the electric field of the vortex beam during propagation, simulation is done on the condition that
A= 632.8 nm, ¢ = 0.5 mm, a = 0.05 mm.

The character of the equiphase line is determined by the propagation distance and the topological charge. In
Fig.2(a) ~(c), the topological charges are positive and the equiphase lines bend clockwise; while in Fig.2(d), the
topological charge is negative and the equiphase line bends anticlockwise.
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Fig.2 Phase distributions of the off-center vortex beam while propagating.
(a) m=1, 2z=500 mm; (b) m =3, 2=500 mm; (¢) m =3, z=1500 mm; (d) m = -3, z2=1500 mm

4 Movement of the Centroid

The centroid of the off-center vortex beam is given by the first order moment as""’
J]I‘E(I,}UZ)‘ZdIdy ﬂy‘E(I,y,z)‘zdxdy

’ y((z) — .
ﬂ\E(I,yez) | dedy H‘E(x,y,z) |*dady

By substituting Eq. (7) into Eq. (11), we can perform the integration and obtain the centroid of the off-center
vortex beam with different topological charges as

]

(11

x.(2)

__ _a - _ba —
x.(2) = T+ 20 v.(2) T+ 2 (m 1
_ 2a+4+10) __ 2pad+10) _
x (2) = Trairor v.(2) Tt ol (m=2), (12)
2 2
() —— 3a(3+6¢t+2¢) y(2) —— 3pa(3+ 614 2t7) (n = 3)

3418+ 187 + 4047 34 18¢+ 184 + 4r°

wheret = a* /6", p = 22/(ks*). For high order off-center vortex beam, the analytical expression of the centroid is
a bit verbose and omitted. It can be found in Eq. (12) that the centroid is also moving while propagating and the
movement distance is proportional to the propagation length too. If we project the position of the centroid on the x-y
plane, it is obvious that the moving trace of the centroid is tangential to the line connecting the original centroid and
the geometric center (origin of coordinates) of the beam in the source plane. Fig.3 presents the intuitionistic map of
the movement dynamics of the centroid.
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Although the movement characteristic of the centroid is y
similar to that of the vortex core (the moving direction is
tangential to “the original line” and is decided by the sign of

m<0

centriod

the topological charge; the movement distance is proportional T

to the propagation length), the difference between them is
clear that the movement of the core is independent on the
however the position and
movement distance of the centroid are closely associated with

magnitude of the topological,

m>0

Fig.3 Movement of the centroid while propagating

the magnitude of the topological charge, which is shown in

Eq. (12).
0
+ m=2 (a)
-0.02 em=1" 2-05m
— +
g 00413 L o5m 2=20m
& 6
> -0.061%
*
*
*
-0.08 3
$ 2=20m
*
-0.10
-0.10 -0.08 -0.06 -0.04
2 /mm

0.10
+ 2=20m + m=2 (b)
*
0.08 | 4 *m=l
*
*
.
£ 0.06 E
E : 2=2.0m
> 0.04 [+ 2=0.5m T
0.02 2=0.5m
0 " "
-0.10 -0.08 -0.06 -0.04
2 /mm

Fig.4 Simulation of the movement of the centroid while propagating. (a) m>0; (b) m<C0

To provide straightforward information of the
movement of the centroid of the vortex beam during
propagation, simulation is performed on the condition
that A = 632.8 nm, ¢ = 0.5 mm, a = 0.05 mm.

The points in Fig. 4 denote the positions of the centroid
and the arrows show the moving directions of the centroid.
While the beam propagates from z =0.5 m to 2 =2.0 m,
the centroid of the first-order off-center vortex beam
moves only 0. 03 mm and the centroid of the second-
order off-center vortex beam moves 0. 05 mm. If the
topological charge is 3, the movement distance of the
centroid will be nearly 0.5 mm (this is not shown in the
Fig. 4 because the movement distance is too big). From
discussions above, it can be concluded that the centroid
of the off-center vortex beam with big topological
charge moves faster than that with small topological
charge during propagation if other parameters are the
same.

5 Conclusion

Analytic expressions of the electric field of the off-
center vortex beam while propagating are derived. The
movement of the core, the phase structure and the
movement of the centroid are discussed. It is found that
the bending direction of the equiphase line of the
electric field depends on the sign of the topological
charge in the cross section, and the core and centroid
are both moving during propagation. If we project the
position of the core and the centroid on the cross
section, it can be found that 1) the moving traces of
them are both straight lines; 2) the moving directions
of them are both decided by the sign of the topological

charge; 3) the magnitude of the topological charge has
no effect on the movement characteristic of the core,
but it determines the movement characteristic of the
centroid.
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