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a b s t r a c t

Experimental results show that the generation of spatially variable polarization states can be easily
realized by using the light scattered from a thin metallic cylinder. The 360° angularly planar scattered
light can be described as closed paths on the Poincarè sphere that connect antipodal polarizations. The
simple experimental arrangement demonstrates that the thin metallic cylinder behaves as an angularly-
resolved variable wave-retarder.

& 2015 Elsevier B.V. All rights reserved.

1. Introduction

The generation of polarization states has been always a very
important theme in optics and photonics. For a long time, it has
involved the use of conventional passive polarization optical de-
vices, many of them based in the natural crystal birefringent
properties of minerals, like the calcite-based linear polarizers or
the mica and quartz-based retardation wave-plates. Recently, the
use of electro-optic techniques has given rise to a lot of devices
that induce phase changes in the electromagnetic field compo-
nents (liquid crystal displays, liquid crystal on semiconductors,
photoelastic modulators, Faraday rotators, among others). These
modern devices are being used extensively in different basic re-
search, applications, and even commercial areas [1–4]. There are
many experimental possibilities to generate any polarization state
on a beam emerging from a given light source, usually a collimated
beam from a laser. Most methods employed to polarize light re-
quire the use of linear polarizers, half-, and quarter-wave retarder
plates [5,6], where the wave plates generally are of the variable
wave-retarder type. Once the beam has been polarized in the
desired state, the generated polarized beam usually is handled
properly to illuminate a sample under study, where the most
common is the collimated geometry. Recently, the necessity to

increase the polarization of light applications in science, en-
gineering, and inspection areas has created opportunities to ex-
plore new forms to polarize light, where the method presented
here could be a useful option [7–10]. In this work, we present
experimental evidence that closed-paths on the Poincarè sphere
can be generated and distributed angularly with the use of a thin
metallic cylinder, illuminated under a planar geometry of in-
cidence (incidence normal to the cylinder axis). The simple ex-
perimental arrangement reported here demonstrates that the thin
metallic cylinder behaves as a passive angularly-resolved variable
wave-retarder.

2. Theory

The polarization of light can be represented by the Stokes
vector S in terms of the orthogonal components of the electric
field vector (Ep, Es) and their phase difference (δ), according to [6]
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On the other hand, the normalized Stokes parameters can be
displayed in a real three-dimensional space as a function of the
azimuth (0 2 /2ψ π≤ ≤ ) and the ellipticity ( /2 2 /2π ε π− ≤ ≤ ) angles
of the Poincarè sphere, respectively [6].
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2.1. Problem description

The scattering and diffraction of light by thin cylinders have
been reported in both planar [11–14] and conical geometries of
incidence [15,16]. Even when it is well known the scattered light is
distributed on a plane perpendicular to the cylinder axis or on the
surface of a cone, depending on whether the illuminating light
incident perpendicularly to the cylinder axis or if it has a com-
ponent along it, the precise polarization behavior associated with
the incident polarization states is still unknown. The objective of
this work is to show that the scattering of polarized light from a
metallic cylinder can be used for a simple angularly-resolved
variable wave-retarder.

3. Methods

The Fig. 1 shows the experimental setup employed. A colli-
mated beam of light with 2 mm of beam size (HeNe laser,
632.8 nm) was generated and sent toward a metallic cylinder
(electric guitar nickel string, with a 254 mm diameter). The cy-
linder was placed at the center of an automated rotation stage of
an angle resolved scattering system (ARS; Oriel goniometer, with
stepper motors), which is able to measure the polarized scattered
light at each scattering angle sθ , from 0 360sθ° ≤ ≤ °. The scattered
light lies within a plane surface perpendicular to the cylinder
axis. A set of six incident polarization states (linear horizontal or
p, perpendicular or s, to þ45° and to �45°, and circular right-
and left-handed polarization states, respectively) were generated
using a polarization state generator (PSG) and each of them were
analyzed employing a polarization state analyzer (PSA). A PSG
was used with a Glan–Thompson linear polarizer (Thorlabs,
GTH10M) followed by a liquid crystal variable retarder (Thorlabs,
LCC1111-A and LCC25 controller), each mounted on motorized
rotations stages (Thorlabs, PRM1Z8E). The PSA employed is a
commercial polarimeter (Thorlabs, PAX5710VIS-T), consisting of a
head, a controller and a software program that allows the auto-
mated detection of the scattered Stokes vector. The head contains
an achromatic rotating quarter-wave plate, a linear polarizer and
a photodetector. The scattered Stokes vectors were measured
every 1° and were plotted by interpolating data with 6° step,
except around 0° (where the PSA is rotated and placed between
the PSG and the cylinder, obstructing the incident light) and
180° (where a slight saturation occurs at the photodetector),
respectively.

The incident linear s- and p-polarization states are scattered
uniformly by keeping its polarization, but with their energy dis-
tributed angularly on the surface of a plane perpendicular to the

cylinder axis (see Figs. 2 and 3). The experimental data were
plotted for all the polarization states reported here as normalized
scattered Stokes vectors versus the scattering angle
(0°oθso360°) and also as points on the Poincarè sphere.

Fig. 2a shows the scattered energy so is distributed uniformly
around 0°oθso360° with almost pure s-polarization states,
while there exist small contributions of linear �45° polarization
(o10%). Fig. 2b is a schematic representation of the energy dis-
tribution and the polarization states generated under the experi-
mental conditions exposed here. The points on the Poincarè
sphere, Fig. 2c, represent the scattered polarization states. Observe
all of them are totally polarized (are on the unitary surface) and
are basically located around the negative s1 axis, which represents
the s-polarization state.

On the other hand, Fig. 3 a shows how the incident p-polarized
light is scattered uniformly as a p-polarized state in all the angular
directions, except around 90°oθso270°, where elliptical left-
handed polarization is slightly generated (o10%). Fig. 3b re-
presents the spatial-energy distribution with a scattered p-polar-
ized state. Fig. 3c shows the scattered polarization states are lo-
cated mostly around the positive s1 axis, and some of them below
the equator, on the lower hemisphere.

The results obtained when the þ45° or �45° linear polariza-
tion states were used to illuminate the cylinder, are depicted in
Figs. 4 and 5, respectively.

From Fig. 4(a) and (b), observe the incident þ45° linear po-
larization state is scattered angularly as a point that describes a
path on the Poincarè surface sphere, whose initial point is lo-
cated near the negative s2 axis (near to θs¼0°) that moves
gradually from the equator to the lower hemisphere, taking el-
liptical left-handed polarization states, passing close to the cir-
cular left-handed polarization pole at the negative s3 axis, near
to θs¼146.7°. The point continues its displacement on the same
hemisphere, now moving angularly faster, until it reaches a pure
linear þ45° polarization state on the positive s2 axis, its anti-
podal point on the Poincarè sphere, at the direction of propa-
gation (θs¼180°). The point on the Poincarè sphere shows a
tendency to follow a symmetric return to the negative s2 axis,
from 180°oθso360°. Note the denser distribution of points
on the Poincarè sphere corresponds to the angularly slowly
varying polarizations states outside the angular interval
145°oθso225°.

Note a similar behavior is presented when the incident beam
has a linear �45° polarization (Fig. 5), with the exception that
now the path on the Poincarè sphere begins at the positive s2 axis
located on the equator (near to θs¼0°) and the elliptical polar-
ization states move now on the upper hemisphere, passing close to
the s3 axis circular right-handed polarization state, around
θs¼146.7° and later, arrives very close to the incident linear �45°
polarization state (�s2 axis), at θs¼180°, the antipodal point of the
s2 axis. From 180°oθso360° the path is closed by the moving
point that returns to its original starting point at the equator, by
following a symmetrical behavior.

Figs. 6 and 7 shows the results when the incident beam has a
circular right- and a left-handed polarization state, respectively.
The Fig. 6 shows the incident circular right-handed polarization
state is scattered angularly, where each angular position has
associated a point on the Poincarè sphere. In this case, the initial
point is located at the negative s3 axis, near to θs¼0°. This point
moves slowly towards its antipodal point, located at s3, taking
elliptical left-handed polarization states, passing close to the
positive s2 axis and crossing the equator (near to θs¼146.7°). The
point moves faster, taking on elliptical right-handed polarization
states until it reaches the s3 axis pole, at θs¼180°. The symmetry
of the graph after 180° shows the point describes the same path
in reverse order, from the circular right-handed polarization,

Fig. 1. Experimental setup employed for the measurement of the polarized light
scattered by the metallic cylinder.
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