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The Optical Angular Momentum in a Vector Vortex Optical Field
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Abstract— We study the propagation dynamics of vortex vector field with azimuthally locally
uniform and inhomogeneous polarization states by using angular spectrum the electromagnetic
beam. The evolution of the polarization states in the field cross section is analyzed numerically
in detail during propagation by using the Stokes polarization parameters. The results indicate
that the polarization states in the field cross section rotate along the propagation axis due to the
existence of vortex field. In particular, the interaction between the central phase singular point
(i.e., dislocation) and the polarization singular point (i.e., disclination) leads to the creation or
annihilation of optical field in the center of optical field, depending on the number of vortex
and polarization topological charges. The transverse energy flux distributions and both spin
and orbital optical angular momentum of vector vortex optical field with the different states of
polarization in the cross-section of the field are computed and analyzed. Our results indicate
that the different states of polarization in the cross-section of the optical vector vortex field can
influence and reconstruct the transverse Poyting vector (energy flux) and both spin and orbital
optical angular momentum flux distribution in the cross-section of the field. These results,
therefore, provide useful information on how to spatially manipulate the angular momentum of
laser beams by choosing appropriate states of polarization in the cross-section of the field. This
work provides further insight into dynamic behaviors of the vector vortex optical field and sheds
light on a new approach in manipulating micro-particles.

Light carries angular momentum comprised of both a spin component associated with polariza-
tion, and an orbital component arising from the spatial profile of light intensity and the phase [1].
Considerable interest in orbital angular momentum arises from its potential use in multiple appli-
cations including quantum information processing, atomic manipulation, micro-manipulation and
the biosciences [2-5].

In the coordinate system, the z-axis is taken to be the propagation axis. A cylindrical optical
vector field is expressed as [6, 7]

E(r,0) = A(r,0) [cos(mf + 0p)ex + exp(iA0) sin(ml + Op)e,] (1)

where 7 = /22 + y? and 0 = arctan(y/z) are the polar radius and azimuthal angle in the polar
coordinate system, respectively. m is the topological charge, and € is the initial phase. e, and
e, are the unit vectors in x and y-direction, respectively. In Eq. (1). Af = 0 implies that the a-
and y-components have the same phase. In this case, it is seen from Eq. (1) that the SoP depends
only on the azimuthal angle ¢. The vector optical field is linearly polarized at any position in the
field cross section. When m = 1 with # = 0 and 7/2, the vector fields describe the radially and
azimuthally polarized vector fields, respectively. On the other hand, Eq. (1) degenerates to the
linearly-polarized fields if m = 0.

By using the Fourier transform, the transverse components of the vector angular spectrum
Ag(pcos, psin®) and Ay(pcosf, psin@) are given by the Fourier transform of the initial field:

< Ay (pcos ¢, psin ¢) > (L)
A (pcosd),psin(b)

I f% ) cos(mé + 0y) exp [—ikrpcos(8 — ¢)] rdfdr 2)
Jo" Jo " A(r) exp(iA0) sin(mb + 6y) exp [—ikrp cos(0 — ¢)] rdfdr

where k is the wavenumber. For the Gaussian distribution with the n-th vortex and an arbitrary po-
larized electromagnetic field (see Eq. (1)) in the source plane z = 0, A(r, 0) = exp(—r2/w?) exp(inf)
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where w is beam-width, the angular spectrum is

k:>2 VTkw3p

o g oXP (—k*w?p?/8)

A(pcos ¢, psing) = 7rz'm+"<

X {P exp [i(m¢ + no + 0p)] (ex — iexp(iAf)ey)
+T exp [—i(m¢ — ng + bp)] (ex + i exp(iAfd)ey)

- [P exp [i(meo + ne + 6p)] (cos ¢ — i exp(iAf) sin ¢)

+T exp [—i(m¢ — ngp + 0p)] (cos ¢ + i exp(iAf) sin d))] p/’yez} (3)
with

P = Igngn—1y2 (K*w0?/8) = Iimani1y 2 (Fwp?/8)
T =Imn-1)2 (k2w2p2/8) —Im—ny1)/2 (k2w2p2/8)

where I(-) are the Bessel functions of the second kind and e, is the unit vector in z direction. The
electric field component of the vector cylindrical optical field in z plane can be represented as:

k3w3ﬁ o0 k2w?p?
E(r) = (-1)mtni VT — e
(1) = (T [

{PJm+n(—k:rp) exp [i(mf + nb + 0y)] (ex — iexp(iAf)ey)
+T Jm—n(—krp) exp [—i(mf — nb + 0p)] (ex + iexp(iAf)e,)
+ [PJm+n+1(—krp) exp [i(mb + nb + 6 + 0p)] (1 — exp(iAF))

+PJyin—1(—=Fkrp)exp [i(m +nb — 6 + 0y)] (1 + exp(iAF)))
+T Jm—n—1(—krp)exp[—i(mO —nb — 0 + 6p)] (1 + exp(iAh))
)

)
+T J—n+1(—krp) exp [—i(mb — nb + 0 + 6y)] (1 — exp(iAf )] ip/2’yez}
x exp (ikyz) p°dp (4)

Under the paraxial approximation, the transverse energy (TE) flow of the vector cylindrical
optical field in z plane can be written in the following forms:

S = %Re [E(r) X ﬁ*(r)} - 2;0w1m [E(r) X (v x E(r)*)] (5)

where Re[-] and Im[-] denote the real and imaginary parts, respectively, and the asterisk corre-
sponds to its complex conjugation. Therefore, Eq. (7) describes the energy flux distribution at the
propagation plane of z = constant. The optical angular momentum flux density is [8]

E*-(rxV)E-e, E*xE-e,

Jo=le 82 = [[ E* - Edxdy i [[ E* - Edxdy (6)

where the first and second terms represent the flux density of the orbital angular momentum (OAM)
flux density Lz and the spin angular momentum flux density Sz, respectively.

The distribution of the TE flux and the OAM flux are depicted in Fig. 1. It is clearly seen
from Fig. 1 that the TE flux and the OAM flux depend on SoP, as expected. The results indicate
that the different states of polarization in the cross-section of the optical vector vortex field can
influence and reconstruct the transverse Poyting vector (energy flux) and both spin and orbital
optical angular momentum flux distribution in the cross-section of the field. The results provide a
deeper understand to manipulate the angular momentum of laser beams.
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Figure 1: The distribution of TE flows (upper) and OAM flux density (lower) in the cross-section of a local
linearly polarized vortex vector optical field (A8 = 7/2 and pg = 0) with (a) n=1,m=1; (b)n=1,m = 2;
(c)n=2,m=1; (d) n =2, m =2 for different propagation distance. Arrows represent the directions of
transverse energy flow in the field cross-section.
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