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Abstract. We present a simple method to check the exact
realization of a radially polarized light beam by means of a
vortex-sensing diffraction grating. The use of this grating
easily allows the determination of the topological charges
included in each of the two circular polarization components
of the incident beam. Therefore a pure radially polarized beam
can be easily distinguished from a pseudo-radially polarized
beam. Experimental results are presented with radial beams
generated with two different devices: a patterned radial polar-
izer and a specially designed liquid crystal device. © The Authors.
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Radially polarized light beams have been receiving a great
deal of attention, especially because they can produce very
small focal spots or generate longitudinal electric field
components upon focalization.! They can be produced using
a variety of techniques, including interferometric systems,”
optical processing systems,’ specially designed subwave-
length structures,” radially patterned polarizers,” liquid crystal
devices,®” or inhomogeneous birefringent elements named
g-plates.® Commercial solutions are available. However,
not all of these approaches create pure radially polarized
beams.

Figure 1(a) shows the directions of the electric field asso-
ciated with a pure radially polarized beam. Here, the orien-
tation of the electric field is equal to the angle ¢ representing
the azimuthal angle. The closely related azimuthally polar-
ized beam is obtained from the radial polarization by rotating
the electric field by 90 deg.” By contrast, Fig. 1(b) shows one
example of a pseudo-radially polarized beam. In this case,
the electric field vectors in the lower half have a 7 phase
shift that reverses the directions of the electric fields toward
the center rather than radially outward.

Radially polarized light is typically detected with the
aid of a linear polarizer.®” A dark radial line appears in
the azimuthal angle denoting the direction perpendicular
to the transmission axis of the analyzer. As the analyzer
rotates this dark line also rotates. However, this simple
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measurement, as well as other more sophisticated polarimet-
ric measurement techniques, cannot differentiate between the
two polarization states shown in Fig. 1. Therefore, a simple
system to detect the presence of this additional azimuthal
phase can be useful as a test for the correct generation of
the radial beam.

The pure radially polarized light beam of Fig. 1(a) is
defined in terms of its Jones vector as

cos
Jraa = (sing:)' (D
The radial polarization converter (RPC) from

ARCOPTIX is a commercial device that produces this
kind of beam.”!° We noted in Ref. 10 that this radially polar-
ized beam can be regarded as the following decomposition:
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This shows that the pure radially polarized beam can be con-
sidered as the sum of a left circularly polarized beam with an
spiral phase pattern with topological charge ¢ = +1, plus the
opposite right circularly polarized beam with another spiral
phase pattern with the opposite topological charge ¢ = —1.

Next we compare the analysis with a pseudo-radially-
polarized beam as shown in Fig. 1(b). One commercially
available device for producing these beams is a radial polar-
izer consisting of a set of patterned angular sectors and com-
mercialized by CODIXX.>!" The Jones matrix of such a
device can be expressed as

B cos? ¢ sin ¢ cos ¢
Prag = (sin ¢ cos ¢ sin? ¢ ) 3)

If right circularly polarized light is used to illuminate this
device, the output is given by
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i.e., it generates the radially polarized beam in Eq. (1) but
with an additional spiral phase pattern. We call this as the
pseudo-radially polarized beam. A similar beam is generated
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Fig. 1 Electric field vector directions for (a) pure radial polarization
and (b) pseudo-radial polarization.
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with the liquid crystal based system in Ref. 7. Following the
decomposition in Eq. (2), we can rewrite this beam as

ein/) 1 1 1
=— . = - 5
=2 (1) 4(1) 5

Note than now the right circularly polarized component of
the beam carries no spiral phase (with ¢ = 0), while the left
circularly polarized component carries a spiral phase term
with topological charge g = +2. A similar result would
be obtained if the system were illuminated with left-handed
circular polarized light. However, now the left circularly
polarized component will carry no spiral phase while the
right circularly polarized component will carry a spiral
phase term with topological charge g = —2.

As stated earlier, it is difficult to easily differentiate
between the two radially polarized beams in Fig. 1 because
intensity measurements are insensitive to the additional
phase terms. In previous work,'? we proposed a vortex sens-
ing diffraction grating that, as we show here, is well suited
for the identification of these two polarization states.

We briefly review this vortex grating analyzer approach,
and more details are found in the references.'*'> We first
form the product V,(¢)G,(x) of a two-dimensional (2-D)
vortex producing phase pattern V,(¢) = exp(iZ¢) with a
linear phase diffraction grating pattern G, (x) = exp(iyx).
Here x is the horizontal spatial coordinate, y = 2x/d
where d is the period of the grating and the variable ¢ rep-
resents the topological charge of the vortex producing phase
pattern. The result is a forked type phase grating.'* Next
we form a binary phase-only phase pattern so that all phase
values above a threshold level are given the phase value of =
and all those below the phase level are given a phase value
of 0. This yields a new grating that can be represented by a
Fourier series as

Gey(x.y) = > c, exp(itng) exp(inyx). 6)

n=—0o

When we form the Fourier transform of this product in
the focal plane of a lens, each focus at a location p = ny
is characterized by a vortex beam having a charge of Zn
and intensity determined by |c,|*

Next, we illuminate this diffraction grating with a scalar
vortex beam represented here by exp[ime] [such as those
composing the radially polarized beams in Eqs. (2) or
(5)]. Now this product is represented by > % __ ¢, exp
[i(m + ¢n)¢@) exp(inyx). When we form the Fourier trans-
form of this product, each focus spot at a location p = ny
is characterized by a vortex spot having a charge of
m + ¢n. For values of m = —¢n, the n’th diffracted order
will be characterized by a delta function. So the existence
of a delta function on the n’th diffraction order indicates
the illumination by a vortex beam of charge m = —¢n.
Note that this technique can be used for either integer or frac-
tional values of 7 (Ref. 13).

The intensity of each delta function is determined by the
square modulus of the coefficients in the Fourier series in
Eq. (6). The values for these coefficients |c,|> depend on
the encoding technique. In previous work, we have used
three approaches. First, we employed binary z phase gratings
(i.e., with values 4-1) where we varied the width (w) of the
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+1 region compared with the grating period (d).'* In a sec-
ond approach, we obtained equal values for the coefficients
by using a Dammann grating approach.'® Finally, we utilized
a new approach where the coefficients could be varied such
that the higher charges had a greater coefficient'® by apply-
ing the theory for the optimal phase beam splitters.'’

In this work we apply this vortex sensing technique to test
the purity of the incident radially polarized beam. Note that the
above described approach is a scalar approach. Therefore,
we have to consider the decomposition in Eq. (2) and analyze
the two different circular polarization components. For this
purpose we encoded the vortex sensing grating onto a trans-
missive parallel-aligned liquid crystal display (LCD) manu-
factured by Seiko-Epson, with 640 x 480 pixels and pixel
spacing of A =42 ym, and a phase modulation range
exceeding 27z radians.'® For this example, following the
method in Ref. 15, we encoded a Dammann vortex grating.
This type of design allows encoding a number of orders
with equal intensity (thus providing equal level of detection)
and can be reproduced in binary devices. The grating was
designed to generate five equally intense beams in the posi-
tions of the 0™, +1% and +2™ diffraction orders. The vortex
sensing grating is selected with topological charge £ = 1.

We begin by illuminating the vortex grating with a plane
wave that is linearly polarized parallel to the LC director
axis. Then the Fourier transform is captured in the back focal
plane of a converging lens. Results are presented in Fig. 2(a).
A bright spot corresponding to a delta function is recovered

Uniform polarization

(a)
Radial polarization (ARCOPTIX)

2

(c)
Pseudo-radial polarization (CODIXX)

Fig. 2 Experimental results formed in the Fourier transform plane, (a)
vortex grating analyzer illuminated with a plane-wave; (b) and (c) are
obtained when the ARCOPTIX device is incorporated, producing the
pure radially polarized beam; (d) and (e) are obtained when the
CODIXX polarizer is incorporated, producing the pseudo-radially
polarized beam; (b) (d) and (c) (e) correspond with the left and right
circular polarization components selected, respectively with RCP
and LCP films.
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at the 0’th order. Vortex beams are generated on £1’st and
4+2’nd diffracted orders, with topological charges 41 and
+2, respectively. When focused in the Fourier plane, they
create doughnut focalizations, with increased diameter as
the absolute value of the topological charge increases (and
thus the energy in higher orders is distributed across a
wider area).

Next we test the radially polarized beam produced with a
radial polarization converter (RPC) from ARCOPTIX.? This
device has a twisted nematic LC polarization rotator cell hav-
ing an entrance plate with a linear director axis and an exit
plate having a circularly rubbed director axis.'® The liquid
crystal molecules rotate the polarization state of the incident
light clockwise between the two plates in the upper half of
the device and counterclockwise in the lower half. This
causes a z phase step in the center of the beam, which is
removed using the half-plane retarder cell. As a result, a pure
radial polarization is obtained. In order to apply the vortex
grating analyzer to this device, we first illuminated the
grating displayed on the LCD. The ARCOPTIX device is
placed right after the LCD. A half wave-plate is also included
in between to rotate the vertically polarized output from
the LCD to the horizontal polarization required by the
ARCOPTIX device to generate radially polarized light. In
order to differentiate between the polarizations of the output
beams, we used right and left circular polarizer films (RCP
and LCP, respectively) placed in front of the detector to
select the corresponding circular polarization component.

Figure 2(b) and 2(c) show experimental results. It can be
seen that the bright focalization has moved to the +1 diffrac-
tion order for one circular component, while it moves in the
opposite sense for the other circular component. This is in
agreement with Eq. (2), thus verifying that this device gen-
erates a pure radially polarized beam. Note also that in each
case, the zero order appears with the doughnut focalization
characteristic of charge £ = 1.

Next we show results using a radial polarizer produced by
CODIXX.>!"! This device consists of a set of patterned angu-
lar sectors, where each segment produces polarized light at
different radial angles. These devices are designed to be illu-
minated with either unpolarized light or with either LCP or
RCP light. We used a similar experimental configuration as
above. We first illuminated the grating displayed on the LCD
with linearly polarized light. The output from the LCD is still
linearly polarized. We generated circularly polarized light
by placing a quarter waveplate after the LCD. This was fol-
lowed by the CODIXX device placed right after the LCD.
In order to differentiate between the polarizations of the out-
put beams, we again used right and left circular polarizer
films (RCP and LCP, respectively) placed in front of the
detector to select the corresponding circular polarization
component. Experimental results are shown in Fig. 2(d)
and 2(e). In this case, the bright focalizations appear on
the zero and second order respectively, for each of the
two circular components. This is now in agreement with
Eq. (5), showing that the beam generated with this device
is a pseudo-radial polarization. When we illuminated the
CODIXX device with left circularly polarized light, the
bright focalizations appeared on the zero and minus second
order with the correct circular polarizations as predicted.
These photos are not shown for brevity.
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In conclusion, we demonstrated that vortex gratings are
useful to distinguish a pure radial beam from a pseudo-radial
beam. We provided analythical expressions for a linear
decomposition of these beams on a basis of circular polari-
zation components. These decompositions showed that
radial or pseudo-radially light can be detected by analyzing
the vortex content on each circular polarization component.
This is demonstrated since the response in the Fourier trans-
form plane after the grating varies when illuminating the
LCD with radial or pseudo-radial light analyzed with left
and right circular polarizers. We analyzed the radially polar-
ized light generated with two commercially available devices
(the liquid crystal device manufactured by ARCOPTIX, and
the patterned radial polarized manufactured by CODIXX).
We proved that the first device generates a pure radial polari-
zation, while the second one generates a pseudo-radial polar-
ized beam when illuminated with circular polarized light.
The CODIXX polarizer can thus be used to generate pure
radial polarization, but an additional spiral phase pattern
must be added.

We believe that these results will be useful for the optics
community.
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