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We present developments using photoaligned liquid crystal polymers for creating vortex retarders, half-
wave retarders with a continuously variable fast axis. Polarization properties of components designed to
create different polarization vortex modes are presented. We assess the viability of these components by
using the theoretical and experimental point spread functions in Mueller matrix format, or a point spread
matrix (PSM). The measured PSM of these components in an optical system is very close to the theoretically
predicted values, thus showing that these components should provide excellent performance in applications
utilizing polarized optical vortices. © 2008 Optical Society of America

OCIS codes: 230.0230, 230.5440, 230.3720.

Optical fields that are linearly polarized and axially
symmetric are becoming very important in the design
of advanced optical systems. In the case of radially or
azimuthally polarized beams, they have been shown
to improve performance in confocal microscopy [1]
and lithography systems [2]. More general polariza-
tion vortices of single or higher orders can be used to
create nondiffracting or Bessel fields [3]. One emerg-
ing application of Bessel beams is in enlarging the
particle trapping region of optical tweezers [4].

Traditionally, these fields are made by using coher-
ent interference of TE and TM modes [5]. Recently,
components that utilize a constant retardance but
variable fast axis have demonstrated the potential of
monolithic components to create such vortex fields
[2,6,7]. We define a vortex retarder as a monolithic
component that has a constant retardance but a fast
axis that rotates about a point. A plurality of crystals
can be assembled to make a vortex retarder [7]. How-
ever, the fast axis cannot be made continuous, there-
fore causing diffraction at the boundaries of the dif-
ferent crystals forcing the wuse of additional
components to create a pure polarization vortex. The
assembly process is also complex, making the compo-
nents expensive. Vortex retarders made from nano-
structures [3] have the potential to create stable re-
tarders with a continuous fast axis and, in principle,
can be made over broad wavelength ranges. However,
the feature sizes required for making visible vortex
retarders is beyond state-of-the-art of feature genera-
tion and thus has been demonstrated only at infrared
wavelengths. Vortex retarders made by using twisted
nematic liquid crystal [6] are limited in that, thus far,
multiple components are required if polarization vor-
tices beyond order 2 are required.

Liquid crystal polymers (LCPs) are materials that
combine the birefringent properties of liquid crystals
with the mechanical properties of polymers. The ori-
entation of a LCP is achieved through the use of an
alignment layer [8]. Photoalignment is a recent ad-
vancement that enables noncontact alignment, which
produces high-quality alignment with low defects as
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compared with rubbing alignment techniques [8].
Photoalignment also allows a high degree of customi-
zation in producing birefringent components. Once
the alignment orientation has been established in the
alignment layer, the LCP precursor is applied and
cross-linked to make its orientation permanent.

In this Letter, we describe the development of a
vortex retarder using a photo-aligned LCP. We dem-
onstrate vortex retarders, half-wave retarders with a
continuously varying fast axis, creating m=1, 2, 3
vortex modes at 550 nm. We analyzed these elements
both theoretically and experimentally by measuring
the space variant Mueller matrix of each component.
The viability of these components is assessed by de-
termining the Mueller matrix of the point spread
function (PSF) or point spread matrix (PSM); the
combination of these allows us to fully understand
the optical vortex created by the component and its
impact in an optical system. The PSM is a Mueller
matrix for which each element of the matrix is a PSF.

The Jones matrix for a vortex retarder is
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where ¢ is the azimuthal angle of the component and
m is the output mode of the field. The fast axis orien-
tation of the vortex retarder is described as a linear
relationship,

0=ap+ 9, (2)

where 6 is the fast axis orientation at a given azi-
muthal angle (¢) on the component, « is the rate of
change in 6 with respect to ¢, §is the fast axis orien-
tation at ¢=0, and m is related to a by m=2a. To
make the m=1, 2, 3 vortex retarders, we used a value
of a of 1/2, 1, and 3/2, respectively.

The samples were fabricated on 2in. (1in.
=2.54 cm) squares of Corning 1737F glass, having a
broadband visible antireflection coating on the back
surface. The process targeted a half-wave retardance
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Fig. 1. Vortex retarders of m=1, 2, 3 analyzed through a
linear polarizer.

for wavelengths in the range of 540—550 nm. A pho-
toalignment layer (ROP108 from Rolic) was spin
coated onto the substrate and baked, and then the
alignment was set through exposure to linear polar-
ized UV light. We exposed the alignment layer
through a narrow wedge-shaped aperture located be-
tween the substrate and the polarizer. Both the po-
larizer and the substrate were continuously rotated
during the exposure process to create a continuous
variation in photoalignment orientation with respect
to azimuthal locations on the substrate. The desired
a slopes in Eq. (1) were determined by the relative ro-
tation speeds. The LCP precursor (ROF5104 from
Rolic) was then spin coated and subsequently poly-
merized by using a UV curing processes. The orien-
tation of the LCP is set by the orientation of the
alignment layer. The retardance value depends on
the thickness of LCP.

Examining the three samples in white light be-
tween crossed polarizers produces the results shown
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Fig. 2. Retardance (left) and fast axis (right) for (a) the
m=1 component, (b) the m=2 component, and (c) the m
=3 component. In all cases the retardance is measured in
degrees at A=570, and the fast axis is in degrees.
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in Fig. 1. Figure 1 clearly shows the modulation of in-
tensity expected. The number of modulations is as
expected for each component, with m=1 having 2
modulations, m =2 having 4, and m =3 having 6.

The samples were mapped using a Mueller matrix
polarimeter from Axometrics at a 1 mm pitch in an
x—y map. The retardance and fast axis maps are
shown in Fig. 2 for the m=1, 2, 3 vortex retarders.
The irregularities seen at the top, bottom, left, and
right of the retardance and fast axis maps are merely
artifacts of the retardance order changing from order
0 to order 1 where the LCP becomes thicker near the
substrate edge. (The retardance map analysis here
assumes order 0O for all locations.) Although a few mi-
nor coating artifacts are present in the retardance
maps, the samples show excellent retardance unifor-
mity (nonuniformity less than 2.5%); the fast axis is
continuous at the scale that the parts were mapped.

To determine the effectiveness of these vortex re-
tarders, we measured the PSM and compared this
with calculated values. To calculate the PSM in the
case of a paraxial system, we followed the technique
of McGuire and Chipman [9]. The amplitude re-
sponse matrix (k) for a polarizing system containing
a single or group of lenses is determined by taking
the Fourier transform of the Jones matrix of the vor-
tex retarder and multiplying by a quadratic phase
factor between the object and the image.

To covert the amplitude response matrix to the
PSM, we use the relationship

P=hoh", (3)

where ® indicates the direct product [9]. To convert
to the Stokes basis, we use the transformation

P,=SPS™! 4)

where S is a transformation matrix [9].

To measure the PSM, we used a Mueller matrix im-
aging polarimeter [10] and set the CCD camera im-
age plane conjugate to fiber optic illumination. The
measurements were made at 550 nm where the vor-
tex retarders were approximately a half-wave. The
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(a)—(c) Calculated PSM and (d)—(f) Measured PSM
for the m=1, 2, 3 vortex retarders.

Fig. 3.
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Fig. 4. (a) Irradiance of the (a) m=1, (d) m=2, and (g) m
=3 vortex retarder measured intensity; (b), (e), (h), corre-
sponding HLP input and HLP analyzer; (c), (f), (i) with
HLP input and VLP analyzer.
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vortex retarder was uniformly illuminated over a di-
ameter of approximately 2.5 mm.

Figure 3 shows the calculated and the measured
PSM for the three vortex retarders. The results show
very good qualitative agreement between the mea-
sured PSM and the calculated PSM. The only excep-
tion is the higher than predicted value in the m03
and m30 elements of the PSM. Further analysis sug-
gests that this is partially due to the center area
(<~100 um) of the vortex retarder where the orien-
tation becomes disordered. The impact of these ele-
ments is to increase the circular polarization and cir-
cular polarizance of the component.

With the PSM measured, it was trivial to deter-
mine the field generated at the image plane for a va-

riety of input polarization states and output analyz-
ers. As an example, Fig. 4 shows the intensity at the
image plane for each of the vortex retarders for three
conditions based on the measured PSM; arbitrary in-
put with arbitrary output, horizontal linear polarized
input with horizontal linear polarized output, and
horizontal linear polarized input with vertical polar-
ized output.

The PSFs shown in Figs. 4(a), 4(d), and 4(g) show
the expected doughnut-shaped profile. The PSF func-
tion measured when an analyzer is used shows a
propeller-shaped profile with the rotation of the pro-
peller depending on the order of the vortex retarder.

In conclusion, we have demonstrated that we can
make vortex retarders for visible wavelengths by us-
ing photoaligned LCP materials. The fast axis can be
made continuous such that vortex retarders of single
or multiple modes can be manufactured. The mea-
sured PSM of these components in an optical system
is very close to the theoretically predicted values,
thus showing that these components should provide
excellent performance in applications utilizing polar-
ized optical vortices.
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