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ABSTRACT

Determination of the topological charge (TC) of a vortex beam is of significant importance in various applications such as high-capacity opti-
cal communications and micromanipulations. Though many kinds of methods, until now, have been proposed to measure the TC, most of
them will fail if the measured vortex beam is partially blocked by an opaque obstacle. In this Letter, we have introduced an efficient method
to determine the TC of an incomplete vortex beam (partially blocked by an obstacle) using its reconstructed phase distribution under propa-
gation. The numerical and experimental results showed that the sign and magnitude of the TC can be simultaneously determined by count-
ing the number of phase singularities and the directions of the phase variations around the singularities occurring in the reconstructed phase

pattern, respectively. Our method works even when half of the vortex beam is blocked.

Published under license by AIP Publishing. https://doi.org/10.1063/5.0031147

A vortex beam, which possesses a helical wavefront exp(il¢), has
an orbital angular momentum (OAM) of [ii per photon, where [ is the
topological charge (TC), ¢ is the azimuthal angle, and 7 is the Planck
constant divided by 27." Owing to that OAM modes with different
TCs compose an infinite number of orthonormal states in Hilbert
space, space division multiplexing technology based on the OAM
modes displays great potential for high-data rate information transfer
in optical communications.”” Hence, vortex beams have received con-
siderable attention and have found diverse applications in super-
resolution imaging,’ optical trapping,™® astronomy,” etc. In some
applications, especially in OAM-based optical communications,”” the
accurate measurement of both the magnitude and sign of the TC is
one of the key tasks. Therefore, one has to explore simple and effective
methods to determine the TC of the vortex beam.

In recent years, various methods have been proposed to deter-
mine the TC of vortex beams.” ™ Most of them are based on the
intensity measurement such as interference methods,” "' diffraction

12-14 15,16 . .
methods, and mode converters. ”” An extensive range of dif-

fracting elements are used, such as gratings,'”'” apertures,” and inter-
ferometers.” These methods are devoted to transforming different
OAM modes into distinguishable intensity patterns in which one can
determine the TC of the vortex beams. However, these methods will
be unfeasible when the measured vortex beams are partially blocked
by an opaque obstacle. In addition, several methods that are based on
the complex spectrum measurement require complicated calculations
and are impractical for real applications.”"** In addition, the phase
measurement method is also another alternative way to determine the
TC and has been widely studied in the previous papers,” ** e.g., a
multi-pinhole plate phase determination method.”

On the other hand, it is inevitable in practical applications when
a vortex beam is obstructed by obstacles during propagation, such as
the suspended particles in free-space optical transmission and bubbles
in underwater wireless optical communications.”* ” One of the
effective methods is using an Airy beam to evade obstacles for its
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self-bending property.”” However, when the beam is obstructed during
propagation, it will be a great challenge to determine its TC for its
incomplete intensity. Hence, beams with self-healing properties or with
self-reconstruction abilities have been widely investigated.”*”” The non-
diffracting beams, e.g., Bessel beams,”® and Mathieu beams™” possess the
marvelous property of reconstruction,” which means that the beam
could reconstruct its original structure through propagation when it is
partially obstructed by an obstacle. The reconstruction phenomenon
attracts widespread attention because not only the intensity but also the
degree of coherence and polarization of the beam could self-reconstruct
during propagation.’ " Tt was revealed that even the Laguerre-
Gaussian beams (not belonging to non-diffracting beams) have a certain
seal-healing ability during propagation.” Can we determine the TC
from the reconstructed intensity or phase of vortex beams?

Here, we study the transmission evolution of a Gaussian vortex
beam after being obstructed by a sector-shaped opaque obstacle and
establish the relationship between the phase singularities and the TC
from the reconstructed phase distribution. Based on the established
relationship, we proposed an efficient approach to simultaneously
measure the magnitude and sign of the partially obstructed vortex
beams. The experimental results agree well with the simulation results.
Our finds will be helpful in OAM multiplexing communications.

We start from the electric field of a typical vortex beam, ie., a
Gaussian vortex beam. The electric field in the source plane can be
expressed as’’

2

Ey(r, ¢,0) = exp (‘ %) exp (il ), &y
0

where r and ¢ denote the radial and azimuthal coordinates, respec-
tively, w is the beam waist radius, and / is the TC.

In some practical situations, the vortex beam may inevitably
encounter obstacles in an optical path. The amplitude and phase are
disturbed by the obstacles. In order to investigate the intensity and
phase evolution of the incomplete vortex beam, here, we suppose that
the vortex beam is obstructed by a sector-shaped opaque obstacle
(SSOO) with center angle «, of which the transmission function
T(¢)(—a/2 < ¢ < «/2) within the area of angle o equals zero; other-
wise, T(¢) = 1. Under this circumstance, the electric field of the vor-
tex beam through a stigmatic ABCD system can be evaluated by the
Collins integral,46

—ik [*® 2m—a/2
Er(pa07z) = ﬁJO J/Z Es(r>¢a0)

X exp {% [Ar? + Dp* — 2prcos (0 — ¢)] }’drd(f’a
(2)

where p and 0 denote the radial and azimuthal coordinates in the out-
put plane, respectively. k = 27/ 4 is the wave number with A being the
wavelength of the incident field. A, B, and D are the transfer matrix
elements of the stigmatic ABCD optical system. Note that in Eq. (3),
the integrating over azimuthal angle is from o/2 to 27 — /2 due to
the effect of the SSOO.

Let us pay attention to the propagation characteristics of the
obstructed Gaussian vortex beam in a focusing system. A thin lens
with focal length fis placed in the source plane, and the receiver plane

scitation.org/journal/apl

is located at a distance z from the thin lens, see Fig. 5. The transfer
matrix of the optical system then can be calculated as

(E2)-G iy D)-(57F 5 o

Substituting Eq. (3) into Eq. (2), one can study the propagation
properties of the obstructed beam, e.g., the intensity evolution, which
can be expressed as

Iy(p,f),z) = |Er(Pa972)|27 (4)

and its transverse power flow can be calculated from the Poynting vec-
tor, which is expressed as’

§,=8.+8, = WolkE*VLE. (5)

By using the expanded expressions of the sector shape,”” one
could derive the analytical expressions of the obstructed vortex beam
during propagation. For simplicity, we only show the simulation
results.

Figure 1 shows the density plots of the normalized intensities and
their transverse power flow distributions (see the arrows) of a focused
Gaussian vortex beam with /=4 and f = 150 mm. We present the
examples with the SSOO « = 0°,90°,180°, respectively, and study
the performance for different propagation distances z. One can infer
from Fig. 1 that the intensity of a Gaussian vortex beam is rotating
during propagation due to the effect of the vortex phase, a
rotation of 90° from the source to the far-field plane (focal plane), see
Figs. 1(a-2)-1(d-2) and 1(a-3)-1(d-3). It can also be seen from Fig. 1
that the intensity distribution cannot be well reconstructed when the
vortex beam is partially blocked by the SSOO.

However, the rotation of the intensity pattern could be much
more clearly understood from its transverse power flows S, . The
transverse power flows |S | display a vortex structure due to the exis-
tence of the spiral phase when there are no obstacles in the source
plane, see Figs. 1(a-1)-1(d-1). When the beam is obstructed by the
SSOO, the energy flows into the obstructed area from the opposite
side, e.g., from the top to the bottom side, see Figs. 1(d-2) and 1(d-3).
We should emphasize here that if the sign of TC is negative, the direc-
tion of transverse energy flows during propagation is reversed. As a
result, the dark area of the intensity pattern in the focal plane is at the
bottom side, not at the top side shown in Figs. 1(d-2) and 1(d-3).
Therefore, the sign of the TC can be determined from the rotation
direction of the incomplete intensity pattern.

However, we notice that the intensity properties show nothing
about the magnitude of the TC even when the beam has not been
obstructed. Therefore, how can we determine the TC of the obstructed
vortex beam? One convenient approach is to recover the magnitude of
the TC just performing the Fourier transform of the far-field inten-
sity.”” The number of dark rings of the Fourier transform pattern is
just equal to the number of TCs. To demonstrate the feasibility of this
approach under the condition of incomplete intensity, the Fourier
transform of the far-field intensity distribution is numerically evalu-
ated using the following integral:*

00 (21
E(v,p,2) = L L L(p,0,z)exp {—i2nvp cos (0 — @) } pdpd0.
(6)
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FIG. 1. Density plots of the normalized intensities and their transverse power flow distributions of a focused Gaussian vortex beam with /=4 and f = 150 mm, obstructed by
a SSOO with center angles o = 0° [(a-1)~(d-1)], & = 90° [(a-2)~(d-2)], and o = 180° [(a-3)-(d-3)], respectively, for different propagation distances z.
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FIG. 2. Density plots of the normalized Fourier transform patterns of the Gaussian vortex beam in the focal plane with f = 150 mm, after being obstructed by different SSOOs
with the TC /=2 [(a-1)~(d-1)], / = 3 [(a-2)~(d-2)], and /=4 [(a-3)-(d-3)], for different center angles «, respectively.
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Figure 2 illustrates the normalized Fourier transform patterns of
the far-field intensity (in the focal plane) with different TCs [=2, 3, 4,
respectively. When the vortex beam is not blocked (¢ = 0), the number
of dark rings equals the magnitude of the TC, as expected. However,
the approach does not work as the angle of the SSOO increases. The
Fourier transform patterns with different TCs are almost the same if
half of the vortex beam is blocked (¢ = 180°) and, therefore, no infor-
mation about the TC can be obtained. We also investigated the effec-
tiveness of other methods based on the intensity measurement’ **
and found that these methods failed to determine the TC when half of
the beam is blocked.

In order to determine the TC of a vortex beam from its incom-
plete intensity distribution, here, we propose a method whereby, using
the reconstructed phase of the vortex beam, information about the TC
can be obtained. The phase distribution of the complex electric field is
calculated from the formula ® = Arg[E,(p, 0, z)], where Arg denotes
the phase angle of the electric field. Figure 3 presents the numerical
results of the phase evolutions of the obstructed Gaussian vortex beam
with TC being /=4. Without the SSOO [see in Figs. 3(a-1)-3(d-1)],
the phase singularity keeps the propagation axis unchanged. The vary-
ing of phase from —7 to 7 (or from 0 to 27) four times along the
closed loop in the clockwise direction around the phase singularity.
The varying times and varying directions correspond to the magnitude
and sign of the TC, respectively. When the beam has been obstructed
by a SSOO, the evolution of the phase singularity is quite different. As
shown in Figs. 3(a-2)-3(d-3), the single phase singularity splits into
several ones during propagation. For each phase singularity, the vary-
ing of the phase around the singularity is from —=n to = (+1 TC).
Interestingly, it is found that the number of phase singularities equals
the magnitude of the TC from the far-field phase distribution [see
Figs. 3(a-2)-3(d-2) and 3(a-3)-3(d-3); the black circles depict the posi-
tion of the phase singularities.]. In addition, the sign of the TC corre-
sponds to the phase varying direction around each split singularity.
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QR
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FIG. 3. Density plots of the phase distribution of the focused Gaussian vortex beam
with /=4 and f = 150 mm, obstructed by a SSOO with center angle o = 0° [(a-
1)=(d-1)], « = 90° [(a-2)—(d-2)], and & = 180° [(a-3)~(d-3)], respectively, for differ-
ent propagation distances z; the solid circle represents the phase singularity with
[=1.
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Therefore, the magnitude and the sign of the TC are determined from
the reconstructed phase in the far field.

The physical mechanism behind this phenomenon is that the TC
is a conserved quantity in a wave field, and the optical vortices can be
created and annihilated only in pairs of opposing charge. When the
vortex beam interacts with amplitude-only obstacles, there is no OAM
transfer in the process, i.e., the OAM for each photon of the transmit-
ted beam is still /. As a consequence, the TC information hidden in
the reconstructed phase distribution will be recovered with the help of
diffraction effects, i.e., propagation of a certain distance from the
source plane. In practical applications, it is a convenient way to mea-
sure the TC from the far-field reconstructed phase distribution due to
that the phase distribution is relatively stable and is easy to produce
with the help of a thin focal lens. Remarkably, our approach works
even when half of the beam is blocked [see in Fig. 3(d-3)].

To verify the corresponding relationship between the TC and the
number of phase singularities of the light field in the far field, we plot
in Fig. 4 the numerical results of the phase distributions of the
obstructed Gaussian vortex beams with different TCs [ = =2, £4 in
the focal plane. It can be seen that the number of phase singularities is
always equal to the magnitude of the TC and the sign of the TC still
corresponds to the phase varying direction around singularities,
regardless of the opaque angle of the SSOO, which indicates the accu-
racy and effectiveness of our method to measure the TC of the partially
blocked vortex beams.

Now, we carry out experiments to demonstrate the determina-
tion method for the TC of a vortex beam obstructed by a SSOO from
the reconstructed phase distribution. Our experimental setup is shown
in Fig. 5. A diode-pumped solid-state linear polarized laser beam with
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FIG. 4. Density plots of the phase distribution of the Gaussian vortex beam with
f = 150mm obstructed by a SSOO with TC | = =2 [(a-1)~(d-1) and (a-2)—(d-2)]
and | = %4 [(a-3)—(d-3) and (a-4)—(d-4)], respectively, in the focal plane for differ-
ent center angles o; the solid and dashed circles represent the phase singularity
with | = =1, respectively.
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FIG. 5. Experimental setup for the generation of a Gaussian vortex beam
obstructed by an opaque obstacle and the determination of its TC. NDF, neutral
density filter; BE, beam expander; SLM, spatial light modulator; CA, circular aper-
ture; SSOO, sector shaped opaque obstacle; L, thin lenses; PC; and PC,, personal
computers; and CCD, charge coupled device.

wavelength / = 532 nm is first expanded by a beam expander (BE)
and then modulated by the spatial light modulator (SLM) with forked
gratings. The first-order diffracted beam, transmitted by a circular
aperture (CA), generates a Gaussian vortex beam source. Then, this
beam is focused onto the receiver plane by a thin lens L with focal
length f = 150 mm and detected by a charge coupled device (CCD).
A SSOO has been loaded on the source plane next to the CA. A neu-
tral density filter (NDF) placed after the laser is used to adjust the
strength of the incident laser beam. The personal computers (PC, and
PC,) were used to load the interference patterns and record the inten-
sity distribution, respectively.
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Figure 6 shows our experimental measurements of the normalized
intensity distribution of the focused Gaussian vortex beam with /=4
and f = 150mm, obstructed by a SSOO with center angles
o = 0°,90°, 180°, respectively, for different propagation distances z. The
results demonstrate that the reconstructed intensity of a Gaussian vortex
beam rotates 90° propagating from the source plane to the focal plane
[see Figs. 6(a-2)-6(d-2) and 6(a-3)-6(d-3)]. The direction of rotation
depends on the sign of the TC. The intensity distributions do not make it
possible to determine the magnitude of the TC directly. Furthermore, we
also perform the Fourier transform of the measured intensity patterns
with [=2, 3, and 4 in the focal plane, and the results are similar to those
for the numerical results shown in Figs. 2(a-3), 2(c-3), and 2(d-3) for
o = 0°, 90°, and 180°, respectively. The magnitude of the TC cannot
be obtained from the incomplete intensity distributions.

To verify our deduction that the reconstructed phase pattern can
determine the magnitude and the sign of the TC, we measured the
reconstructed phase distribution by the interference of OAM modes
and plane waves. The reconstructed phase distribution of a focused
Gaussian vortex beam with different TCs and different center angles o
of the SSOO is shown in Fig. 7. One can infer from Fig. 7 that the
phase variation direction determines the sign of the TC, such that the
clockwise and counterclockwise directions correspond to the sign of
the positive and negative TC, respectively. The number of phase singu-
larities in the measured phase distributions denotes the magnitude of
the TC even when the vortex beam has been obstructed by the SSOO
with a center angle up to 180°. The experimental results agree well
with the theoretical simulations.
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FIG. 6. Experimental measurements of the normalized intensity distribution of a focused Gaussian vortex beam with /=4 and f = 150 mm, obstructed by a SSOO with center
angles o = 0° [(a-1)—(d-1)], « = 90° [(a-2)~(d-2)], and oz = 180° [(a-3)—(d-3)], respectively, for different propagation distances z.
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FIG. 7. Experimental measurements of the phase distribution of the Gaussian vor-
tex beam with f = 150 mm obstructed by a SSOO with TC / = +2 [(a-1)—(d-1)
and (a-2)-(d-2)] and | = =4 [(a-3)—(d-3) and (a-4)—(d-4)], respectively, in the focal
plane for different center angles ; the solid and dashed circle represent the phase
singularity with / = =1, respectively.

In summary, we have numerically and experimentally investi-
gated the intensity and phase evolution of a Gaussian vortex beam
obstructed by a sector-shaped opaque obstacle. Our results clearly
show that the reconstructed phase allows one to effectively determine
the magnitude and sign of the TC of the obstructed vortex beam. The
clockwise and anticlockwise movements of the spiral phase represent
the positive and negative signs of the TC, respectively. The number of
phase singularities corresponds to the magnitude of the measured TC.
However, the information about the magnitude of the TC is lost based
on the intensity measurement methods, e.g., Fourier transform of the
far-field intensity patterns. Our findings enrich the methods for the
measurement of the obstructed vortex beam’s TC and will have found
applications in OAM-based optical communications and optical trap-
ping when obstacles in the optical path are inevitably encountered and
the methods based on the intensity measurement are not feasible.
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