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ABSTRACT 

This dissertation addresses the creation of polarization vortex beams.  

Vortex retarders are components with uniform retardance but a fast axis which 

rotates around its center with can create polarization vortices. The goal was to 

develop a simple method for producing vortex retarders for visible wavelengths, 

with a continuous fast axis, and for multiple vortex modes.  

The approach was to use photo-aligned liquid crystal polymers (LCP). The 

target was a halfwave retardance for wavelengths in the range of 540~550nm.  A 

photo-alignment layer was spin-coated onto a substrate, baked, and alignment 

was set through exposure to linear polarized UV (LPUV) light. The alignment 

layer was exposed through a narrow wedge shaped aperture located between 

the substrate and polarizer.  Both the polarizer and substrate were continuously 

rotated during exposure process in order to create a continuous variation in 

photo-alignment orientation with respect to azimuthal locations on the substrate.  

The mode of the vortex retarder was determined by the relative rotation speeds.  

The LCP precursor was spin-coated and subsequently polymerized using a UV 

curing processes.   

Elements produced were analyzed by measuring the space variant 

Mueller Matrix of each component. Our measurements demonstrated that the 

vortex retarders were half wave plates with a continuous fast axis orientation.  

Measurement of the center region of the vortex retarders identifies a 100-200um 
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region of disorientation.  At 0.5mm resolution, a high depolarization index in the 

center of the vortex retarders was observed.  The DOP was low in the center for 

a horizontal linear polarized input field but remained high for circular polarized 

input. 

The viability of these components was assessed by determining the point 

spread matrix (PSM) and the optical transfer matrix (OTM) and comparing these 

to theoretical calculations. The agreement between the measured and predicted 

PSM was excellent.  The major difference was the non-zero response in the m03 

and m30 elements indicating circular diattenuation.  The OTM comparison 

between measured and predicted demonstrated an excellent quantitative match 

at lower spatial frequencies and a good qualitative match at higher spatial 

frequencies. Measured results confirm that vortex retarders produced using 

photo-aligned LCP produce near theoretical performance in an optical system.   
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1.0  INTRODUCTION 

This dissertation addresses the creation of space variant polarization 

states and its application to optical design. Specifically, it addresses the creation 

of polarization vortex beams engineered at the exit pupil of an optical system.  

Pupil engineered polarization vortex beams play a vital role in many emerging 

optical systems.   In the introduction, I will first give some background on 

polarization vortex beams.  This will be followed by a discussion of the 

applications of these fields.  Lastly, I will discuss current approaches to creating 

these fields specifically focused towards creating pupil engineered polarization 

vortices. 

It is well established that light is an electromagnetic wave with an electric 

field oscillating transverse to the direction of propagation known as a transverse 

electromagnetic wave (TEM).  Linear polarized light is a TEM wave for which the 

orientation of the electric field is constant.  Light which is linear polarized but has 

an orientation which depends only on an azimuthal angle in a cylindrical 

coordinate system is called an axially symmetric linear polarized field. The fields 

are also called polarization vortex beams because the polarization state rotates 

about the center of propagation.  

It is also well established that a polarized plane wave can be described by 

a 2 dimensional complex vector called a Jones Vector [1].  Equation 1-1 is the 

Jones vector for a linearly polarization vortex in polar coordinates. 
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Here, m is the polarization order of the vortex.  m also represents the number of 

rotations of the electric field orientation per azimuthal rotation.  φ is the azimuthal 

angle and is related to Cartesian coordinates by x=ρcos(φ) and y=ρsin(φ). ρ is the 

radius at point x and y.  γ is the polarization orientation at φ=0. Note that a zero 

order polarization vortex is a linear polarized field.  A few examples of different 

values of m are given in Figure 1-1.   

 m=-1,γ=0    m=1,γ=0        m=1,γ=90        m=2,γ=0 

    

Figure 1-1: Examples of polarization vortex fields of different modes. 

The lowest order polarization vortices are called azimuthal and radial 

polarization.  These are shown for the case of m=1, γ=0 and m=1, γ=90 in Figure 

1-1. 

There are many applications of polarization vortex beams.  This 

dissertation focuses on application that utilizes the vortex fields that have been 

engineered at the exit pupil of the product or device.   
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The usefulness of vortex fields stems from two primary factors.  The first is 

that the polarization orientation, in the case of azimuthally or radially polarized 

light, can be aligned perpendicular to a lens (S-polarized) or parallel to a lens (P 

polarization) or a focusing beam.  In the case where a high numerical aperture 

(NA) lens is used, the resulting field can be oriented purely transverse with 

respect to the propagation axis of an optical system in the case of the azimuthal 

field or substantially along the direction of the axis of an optical system 

(longitudinal) in the case of a radial field.  The second factor is that if a 

propagation invariant or Bessel beam is formed with a polarization vortex a 

propagation invariant vector field is created.  In other words, the initial 

polarization orientation of the polarization vortex is also preserved in the far field 

diffraction pattern. 

As a result of the aforementioned properties, many applications have 

emerged.  Of particular interest are applications of radial polarized beams in 

conjunction with high NA lenses.  In the late 1990's, both Dorn et al and 

Youngsworth et al predicted that in the case of non-paraxial imaging, the ratio 

between the transverse and longitudinal component of the intensity point spread 

function could be manipulated.  For very high NA lenses and for a center 

obscured pupil, it was predicted that very high longitudinal components were 

possible [2,3]  The significance of this was the predicted overall point spread 

function (PSF) was smaller than the diffraction limit predicted by linear polarized 

light thus creating an opportunity to create a sharper focus in imaging systems.   
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In 2001,  Novotney et al reported on the use of oriented single molecules 

to probe the focusing spot of a radial polarized field [4] confirming the ratio of 

longitudinal vs. transverse intensity in high NA lenses.  Experimental validation 

demonstrating a PSF smaller than the diffraction limit was reported in 2003 [5].  

For this work, a radial polarized beam was focused using a high NA lens 

(NA=0.9).  A center obscured aperture was used to maximize the longitudinal 

component of the PSF.  A knife edge detector system was used in combination 

with tomographic reconstruction to estimate the two dimensional PSF.  Reported 

results were that the central spot was 0.16λ2 which is a 35% below the value 

predicted for linear polarized light.   

For lithography systems, it has been shown that light polarized normal to a 

photosensitive material will create better contrast [5].  Longitudinal polarized light 

can be create using a radial polarized field in conjunction with a high numerical 

aperture (>0.85).  On the other hand, light which is purely transverse to the 

photosensitive material will couple more efficiently [6].  This situation is created 

when azimuthally polarized light is used in the imaging system.  So an additional 

application is the case where high NA lenses are required but efficient coupling 

of the light into a photosensitive material is also required. 

More general polarization vortices of single or higher orders can be used 

to create vectorial Bessel Beams [7]. One emerging application of Bessel beams 

is in enlarging the particle trapping region and the kinematics of optical tweezers 
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[7].  Propagation invariant fields formed using polarization vortices have been 

demonstrated by Hasmin et al in 2003 [7].  The unique characteristic of these 

fields are the propeller shaped intensity pattern formed for which the number of 

propellers and the rotation of the propeller with analyzer angle depends on the 

mode of the polarization vortex used in creating these fields.  The application for 

this is in the area of optical tweezers or transport and guiding of microspheres [8]. 

Azimuthally and radially polarized fields were first formulated in the 

context of dipole radiation [9].   Radial polarized beams were first generated by 

Mushiake et al. using a conical element in a laser cavity [10]. In the 1980's, Hall 

demonstrated the creation of these fields using distributed feedback lasers 

designed to produce azimuthally polarized output [11,12].  In 1990, Tidwell and 

coworkers demonstrated that both radial and azimuthal polarization could be 

produced using coherent interference of different TEM modes [13].  More 

recently, laser resonator cavities involving complex interferometric configurations 

have been developed to create azimuthal and radial polarized output [14].   

Creation of polarization vortices using inter-cavity or interference 

techniques can be very attractive in terms of creating a compact illumination 

system.  In principle, the modes can be created at any wavelength and power 

density a laser can be made; not withstanding the fact that the additional 

components need to be able to operate at the wavelengths and power densities 

of interest.   However, there are several disadvantages to this approach.  First, 
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because the vortex is created at the light source, it must still propagate to 

through the optical system and maintain the field orientation.  This, in general, 

will not be possible. Thus additional polarization conversion will be required in the 

optical system.  Second, in the case of inter-cavity systems, the output mode will 

be limited to an azimuthal and radial modes so additional components will be 

required for higher order modes.  In the case of interference, the complexity and 

cost of the interferometer and the required components limits its application 

space. 

Monolithic components which can convert a polarization state to the 

desired polarization vortex have the advantage that they can be placed close to 

the exit pupil of the system.  The first such component was demonstrated in 1989 

when Yamaguchi and coworkers demonstrated the use of liquid crystals to create 

azimuthal and radial polarized modes [15].  This approach created the potential 

to spatially modulate the light based on switching the polarization state.  Since 

this first spatial light modulator (SLM), much research has been performed to 

improve the original approach using both active (liquid crystals) and passive 

(nanostructures, crystals, stress birefringence) approaches.   

For the case of passive elements, the approaches taken involve creating a 

special class of retarders which have a uniform retardance but have a fast axis 

which rotates around its own center; termed a vortex retarder.  Some key 

characteristics of these components are the wavelength region over which they 
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can operate, how well the fast axis can approximate a continuous variation, what 

output polarization vortex modes can be created, and the complexity of the 

manufacturing process.    

A summary of the vortex retarders  is given in Table 1-1.   

Table 1-1: Summary of existing methods for producing vortex retarders 

Approach Description Advantages Limitations 

Assembly  
of Crystals 

[16] 

Assemble wedges of 
crystals with different 

orientations 

Can be made over 
broad wavelength 

region using 
existing technology

Diffraction at 
boundaries causes 
“blooming” of PSF.  

Expensive assembly 
processes 

Nano-
structures 

[7] 

Subwavelength 
features creates form 

bi-refringence  

Broad wavelength 
region. Leverages 

semiconductor 
technology 

Reported work to date 
at 10.6µm  Feature 

sizes for visible 
wavelengths beyond 

current state-of-the-art

Liquid 
Crystals 

[17] 

TN mode LC with TN 
cell halfwave plate to 
create general SLM

Radial, tangential 
and multiple order 
radial modes have 
been demonstrated

Requires multiple 
elements for higher 

order modes. 
Orientation not 

continuous. Limited 
wavelength region   

Stress Bi-
refringence 

[18] 

Induced stress 
birefringence in glass 
disc creates halfwave 

retardance with 
variable orientation 

Broad wavelength 
region. 

Creates only small 
annulus region. 

Multiple components 
required to make 
different modes.  
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The approaches listed in table 1-1 all have limitations in either the wavelength 

region over which they can be used, the continuity of the orientation, or the ability 

to make high order vortex modes with a single element.  Also, all of the 

approaches listed have complex manufacturing processes which create limits in 

cost sensitive applications. 

Liquid crystal polymers (LCP) are materials which combine the birefringent 

properties of liquid crystals with the mechanical properties of polymers.  The 

orientation of LCP is achieved through the use of an alignment layer [18].  Photo-

alignment is a recent advancement that enables non-contact alignment which 

produces high quality alignment with low defects as compared to rubbing 

alignment techniques [18].   Photo-alignment also allows for a high degree of 

customization in producing birefringent components.  Once the alignment has 

been established in the alignment layer, the LCP precursor is applied and 

crosslinked to make its alignment permanent.   

Photo-alignment has been used to make retarders with space variant 

orientation [18,19].  In most cases, the patterns formed are discrete but, in 

principle, the concept should allow for creation of a continuously varying pattern 

as well.   

The intent of this dissertation is to demonstrate the creation of a vortex 

retarder, halfwave retarders with continuously varying fast axis, using photo-

aligned LCP and evaluate their quality.  This was done by producing retarders for 
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m=1, 2, and 3 vortex modes and at 550 nm with a single element.  I analyzed 

these elements by measuring the space variant Mueller matrix of each 

component. Then, the viability of these components was assessed by measuring 

the Mueller matrix of the PSF or Point Spread Matrix (PSM) and comparing that 

to theoretical calculations; the combination of these allowing us to fully 

understand the optical vortex created both by the component and its impact in an 

optical system.  The optical transfer matrix (OTM), the Mueller Matrix of the 

optical transfer function (OTF), was calculated from the measured and calculated 

PSM to provide a quantitative comparison and understand the polarization 

sensitive spatial frequency transfer capability of these components. 

Chapter 2 of this report presents a conceptual model which explains the 

concept of making a vortex retarder with photo-aligned LCP.  Chapter 3 then 

presents the development of the PSM specifically applied to vortex retarder.  

Chapter 4 presents detailed polarimetery measurements of several vortex 

retarders made using photo-aligned LCP with the measurements done a low 

resolution to create a complete picture of the component and high resolution 

measurements to create a microscopic understanding to the components.  

Chapter 5 presents the measured PSM of the components in an optical system.  

Chapter 6 focuses on explaining possible differences between the measured and 

predicted PSM and discusses the limitations of the use of photo-aligned LCP as 

a vortex retarder.  In chapter 7, I present my conclusions and suggestions for 

further development. 
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2.0  CONCEPTUAL MODEL FOR CREATING PHOTO-ALIGNED LCP VORTEX 

RETARDERS 

This chapter provides a conceptual model of vortex retarders using photo-

aligned LCP.  Most of the focus is on the procedure to make the vortex retarder.  

There are two sections.  The first section, provides an outline of the vortex 

retarder design parameters.  The second section, describes how a vortex 

retarder can be manufactured using photo-aligned LCP.   

2.1 Design of Vortex Retarders 

The design of a vortex retarder is well established [21].  This section 

summarizes some of the key relationships.  Light will propagate along the 

positive z-axis in a right hand coordinate system. The device plane is in the x-y 

plane. 

The basic configuration of a vortex retarder is given in Figure 2-1. 
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 θ(φ)=  
Fast Axis 

φ

Γ= constant 
x

y 

 

Figure 2-1: Configuration of a Vortex Retarder 
 

φ is the azimuthal angle of the polar coordinate system, Γ is the retardance of the 

device, and θ is the fast axis orientation and varies as a function of φ. 

The retarder shown has a constant retardance and is assumed to be 

made from a uniaxial birefringent material where the optical axis is in the device 

(x-y) plane; Retarders with the optical axis in the device plate are also refer to as 

an "A-plate" retarder.  For an A-plate uniaxial birefringent material, the linear 

retardance is the optical path difference between the modes polarized along the 

optical axis (extraordinary rays) and perpendicular to the optical axis (ordinary 

rays).  In units of degrees, the retardance is given as:  

 360 ( - )
λ

Γ = e on n t ; [2-1] 

where ne is the index of refraction along the extraordinary axis, no is the index of 

refraction along the ordinary axis, t is the thickness of the retarder, and λ is the 
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wavelength of the light.  The wavelength and the thickness are given in the same 

units.  For a positive uniaxial material, the fast axis or orientation of the retarder 

is aligned with the orientation of the optical axis in the x-y plane.   

The fast axis for a vortex retarder varies with position as a function of 

azimuthal angle (φ) and is constant in the radial direction. This dissertation, will 

only treat the case where the orientation varies linearly with azimuthal angle.  

The relationship between fast axis and azimuthal angle is given by:   

 ( )= +θ φ αφ δ ; [2-2] 

where α is the change in fast axis with azimuthal angle and δ is the fast axis 

orientation at φ = 0.  For a half wave vortex retarder, we define its mode number, 

m, as the number of times the fast axis rotates through 180 degrees in a simple 

circuit around the origin.  Note that rotating a retarder through 180 degrees 

returns it to its original state. 

If the retardance is 180 degrees or halfwave of retardance, the mode of 

the output field (m) is related to α by: 

 m 2α= ; [2-3] 

For linear polarized light orientated at γ incident on a halfwave linear retarder 

oriented at θ, the output is linear polarized light oriented at 2θ−γ so the mode of 

the output field represents the number of rotations of the field orientation in 360 
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degrees of azimuthal rotation.  Note that the tangential derivative increases 

towards the center where the orientation is discontinuous.  This accomplishes an 

n2π change in phase without discontinuity. 

2.2  Vortex Retarders Using Photo-aligned LCP 

This section, describes in three sections how a vortex retarder can be 

manufactured using photo-aligned LCP.  The first section reviews LCP and 

Photo-alignment.  The fundamentals of LCP and photo-alignment are well 

documented [22,23] but a brief summary will be provided to provide context for 

the rest of the section.  The second defines the specific method used to make the 

vortex retarder.  The last discusses several considerations in using LCP to make 

polarization vortices. 

2.2.1 Photo-aligned LCP. 

The liquid crystal phase of a material is defined as the phase between 

solid state and liquid phase; the crystalline solid state having a long range order 

and a liquid state having no long range order.  The liquid crystal phase or 

mesogenic state is a state in which the molecules have some average alignment.  

Mesogens are materials that show liquid crystal phases.  These liquid crystals 

have a rod like molecular structure which provides their anisotropic properties.  In 

terms of optical properties they exhibit birefringence when the rod axis (termed 

the liquid crystal director) has a component in the device plane.  Mesogens show 
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rigidness along the long axis and have easily polarizable constituents which 

enable alignment of the liquid crystals. 

Liquid crystal polymers are materials that combine the anisotropic 

properties of liquid crystals with the thermo-mechanical properties of polymers.  

These materials are usually birefringent materials.  All the liquid crystal materials 

used here have positive uniaxial birefringence. The orientation of the optical axis 

in the device plane is controlled through the use of an alignment layer.  The 

orientation of the liquid crystal director out of the device plane can also be 

controlled by the alignment layer. This is beyond the scope of this work. 

Within a certain temperature range, the liquid crystal precursor will 

develop the orientation and the positional order characteristics of liquid crystals.  

Once alignment is established, the liquid crystal precursor can then be cured 

using standard polymer curing techniques.  Once cured, the LCP forms a solid 

state birefringent material with a permanent alignment.  This work used a LCP 

precursor of di-acrylate modified derivatives of various mesogenic structures 

(biphenyls, phenyl-benzoates, bi cycle-hexanes, etc.).  The material is available 

commercially from Rolic Technologies, Ltd. in Basil Switzerland.  Polymerization 

of this material is done using a UV curing process. 

Alignment of liquid crystals in general and LCP specifically, is a key step in 

making any liquid crystal device.  Many techniques are mature and are in use in 

high volume manufacturing processes today.  However, alignment technology is 
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still an area of active research.  Some of the research is motivated by new types 

of liquid crystal being developed but most of the research is aimed at addressing 

significant inadequacies observed by the current methods.   Key goals are the 

development of non-contact methods which do not create defects in the device, 

provide strong anchoring properties for the liquid crystal directors, provide better 

flexibility to allow for a greater degree of customization of the device, and can be 

scaled to produce larger substrates. 

The most common technique for producing orientation for liquid crystal 

devices is mechanical rubbing [22].  Mechanical rubbing is usually done on a thin 

polymer layer which is deposited on the inside of the liquid crystal cell windows.  

The rubbing promotes ridges or troughs on which the liquid crystal then aligns.  

Other emerging alignment techniques are the use of an obliquely evaporated thin 

film, ion bombardment to create a surface structure, and the use of 

nanostructures [23].   

The Photo-alignment method involves the application of a thin polymer 

precurser which is then exposed to linear polarized ultraviolet (LPUV) light.  The 

application of the ultraviolet (UV) light creates an anisotropic layer on which 

adjacent layers of the liquid crystal can align [24]. The LPUV light causes the 

photo-alignment layer to simultaneously align and cross-link the long molecular 

axes.  The alignment layer is very thin so its impact on the optical properties of 

the device is small. Early demonstrations of this linear polymerizable polymer 



 

 

31

 

(LPP) concept were done with poly(vinyl 4 methoxycinnamate) (PVMC).  Other 

photopolymers such as cyano biphenyl (CN) have demonstrated strong 

alignment properties and high thermal stability and have demonstrated 

applicability to twisted neumatic (TN) mode liquid crystal devices [22].  For this 

research, the LPP used was a derivative of polymers with side functional groups 

based on esters of cinnamic acid (cinnamates).  The specific LPP material was 

provided by Rolic Technologies.  This class of LPP was selected due to its 

compatible wetting properties with our LCP precursors.  For this particular LPP 

material, the liquid crystal alignment is perpendicular to the LPUV orientation but 

is parallel to the cross-linked LPP. 

The general concept of photo-aligned LCP is shown in Figure 2-2 and 2-3. 

 

Polarizer

Mask

Polarizer

Mask

LPP coated 
substrate 

UV light 
Source 

 

Figure 2-2:  Concept of Photo-alignment shows establishing the alignment for 
two regions 
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In Figure 2-2, a UV light source is used in conjunction with a polarizer and a 

mask to expose an LPP coated substrate.  The orientation of the alignment layer 

is set by the orientation of the LPUV exposure. 

Figure 2-3 illustrates the alignment of liquid crystal prepolymer on the 

alignment layer. 

 

Liquid crystal prepolymer 
forms according to 

alignment layer 

Region with no alignment 
exhibits a random 

orientation of liquid 
crystal directors 

 

Figure 2-3:  Illustration of the alignment of a liquid crystal prepolymer with the 
alignment layer 

After the photo-alignment layer is created, a liquid crystal precursor is 

applied to the LPP coated substrate.  The alignment of the liquid crystals is set 

according to the orientation of the alignment layer.  In regions where there is no 

alignment layer, the orientation will be random.   The liquid crystal precursor is 

then UV cured to make the alignment permanent.  For the materials used in this 

effort, the final film is a solid state positive uniaxial polymer crystal. 

The above example shows how to create a birefringent film of a given 

orientation.  The specific linear retardance of the LCP device is determined by 

the thickness and birefringence of the films.  The thickness is controlled by the 

processes used in producing the components.  The materials used in creating 
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these films have a similar form as other photo-sensitive materials such as 

photoresist.  Therefore, the processes used to make devices using these 

materials are similar to those used in making semiconductor devices and 

methods for controlling the thickness are well established.  The birefringence of 

these devices has two controlling factors.  The first is the uniaxial properties of 

the liquid crystal.  This is set to a large extent by the specific liquid crystal 

precursor selection.  There is a small impact on the liquid crystal birefrinence on 

the specific process parameters but for the purposes of this dissertation, it will be 

considered negligible.  The other factor is the orientation of the liquid crystal 

director with respect to the device normal.  For this work, the intention is to align 

the liquid crystal directors in the device plane. 

2.2.2 Photo-aligned LCP Vortex Retarders 

The example in Figure 2-2 and 2-3 illustrates how to make a discrete 

patterned birefringent film using photo-aligned LCP.  However, the objective for 

this work is to demonstrate a vortex retarder which, ideally, would have a 

continuously variable orientation.   

There are several concepts which could be used to make the orientation 

of a device continuously variable.  One method is to use multiple exposures in 

which the LPP is partially exposed and then exposed at a different orientation.  

The final orientation of the LPP is determined by the power of the second 

exposure [25].  To realize this approach, one could provide a uniform orientation 
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first exposure and then a second exposure with a continuously variable neutral 

density mask to provide different power levels to the different locations.  Another 

approach is to use interference of right circular and left circular polarized beams 

[26].  The intensity of the interference region would be constant but the 

orientation would vary continuously creating a continuously variable alignment 

layer.  Another method synchronizes the movement of the LPP coated substrate 

with rotation of a LPUV polarizer.   This was the method selected for this 

demonstration. 

An apparatus for doing this is shown in Figure 2-4. 

Substrate (below aperture plate, 
rotated by stage at speed  ωsub) 

Substrate rotation stage 
(rotated at speed ωsub) 

Aperture plate with 5° 
aperture (stationary) 

 

 

 

 WGP (above aperture plate, 
rotated at speed ωwgp) 

Aperture vertex  coincident with 
substrate stage center of rotation 

top view 

side view 

UV

ωwgp = Rωsub, 
R=n/2, where n is 

an integer 

 
Figure 2-4:  Apparatus for making a photo-alignment layer with a continuously 

variable orientation 



 

 

35

 

 

The apparatus shown in Figure 2-4 was used to expose the sample through a 

stationary 5° aperture while the substrate stage was rotated at a fixed angular 

velocity ωsub.  A polarizer was mounted on a second rotating stage above the 

aperture plate.  A collimated UV light source shines downward through the 

rotating polarizer and stationary aperture.  The angular velocity of the polarizer 

ωpol was set as  ωpol = Rωsub, where R is the selected angular velocity ratio.  Table 

2-1 lists the R values required to produce certain α parameters of interest.    

Table 2-1: Polarizer:substrate angular velocity ratio to produce various α values. 

α R 

1.5 0.5 

1.0 0 

0.5 -0.5 

0 -1.0 

-0.5 -1.5 

-1.0 -2.0 

-1.5 -2.5 

Accurate location of the vertex of the aperture at the center of the substrate 

stage’s rotation is necessary to ensure uniform exposure dose, to minimize any 

poorly aligned region at the center of the sample, and to avoid introducing radial 

variation of orientation.  The aperture was mounted on an x-y micrometer stage 
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to facilitate fine adjustment of aperture location.  Photographs of the hardware 

assembled to make the vortex retarders are shown in Figure 2-5. 

 

(a) Fully assembled. 

  

(b)  WGP rotation stage removed. 

WGP mounted 
on rotation stage 

5° aperture 

Aperture xy position adjustment
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(c) WGP rotation stage and aperture removed. 

Figure 2-5(a)-(c).  Photographs of LPUV exposure apparatus designed to make 
continuously variable orientation LPP 

Figure 2-6 illustrates how the orientation may be visualized in each of 

these cases.  Samples were made for α= 1.5, 1.0, 0.5, -0.5, and -1.5.  For these 

samples, the WGP was set such that it would produce θ≈0° at φ=0°, and hence 

δ≈0°. 

Substrate 
rotation stage

Substrate
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Figure 2-6:  The retarder fast axis, θ = αφ shown on a unit-circle for various α 
values.  The plane of polarization when linearly polarized light is incident will 

rotate twice as fast as the fast axis around the aperture 

2.3 Considerations for Using Photo-aligned LCP for Vortex Retarders 

In using LCP for vortex retarders, several factors should be considered 

that are unique to this approach.  These are (a) the size of the center 

disorientation region, (b) circular retardance and (c) depolarization of the vortex 

retarder. 
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The first factor is the size of the center region of disorientation.  This 

fabrication method for vortex retarders aligns the vertex of the aperture with the 

center of rotation of the substrate.  There will be a small region in which the 

alignment layer will either have no exposure or exposure to all of the LPUV 

orientation angles.  In the case where no there is no exposure, the orientation of 

the alignment layer will be random.  If this area is large enough, the random area 

will cause a scrambling of all linear polarization input states and thus create a 

psuedo-depolarizing region in the center. In the case where the photo-alignment 

layer is exposed to all angles, the exact impact is not known but it is anticipated 

that the final orientation will be the average of the exposure angles.  The result 

would be a region of approximately constant orientation in the center. The impact 

of this region can be removed by using a center obscuration.  If this is not 

possible, the region of disorientation will impact the functional performance of the 

vortex retarder.  This is studied later. 

Circular retardance is one of the three retardance degrees of freedom.  

With linear retarders, such as are being fabricated here, circular retardance is 

present when the retarders eigenstates are elliptically polarized.  For a pure 

circular retarder, the eigenpolarizations are cicularly polarized.  By manipulating 

a Jones or Mueller matrices, it can be shown that for two linear retarders in 

sequence whose fast axes are not parallel or perpendicular, the 

eigenpolarizations are elliptical and a circular retardance component is generated 

by the sequence.  For the LCP, if the alignment orientation varies through the 
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thickness, than a small circular retardance component is anticipated. The 

alignment of the liquid crystal directors can vary with thickness because the 

strength of the alignment layer reduces as the thickness of the liquid crystal layer 

increases. As such, the liquid crystal directors can start rotating in the device 

plane manifesting itself as circular retardance.   

Depolarization can occur in vortex retarders made using LCP.  

Depolarization is the scrambling of light into partially polarized light. This can be 

caused by small amount of random variations in the orientation.  This random 

variation stems from the fact that any given point on the vortex retarder will get 

exposed to multiple orientations due to the 5 degree aperture and the rotation of 

the polarizer.  The range of LPUV orientation exposure will depend on the 

particular vortex retarder created; the higher the polarization vortex mode, the 

more variation in the LPUV orientation exposure.  Because of this, it is expected 

that higher order vortex retarders will have a higher level of depolarization, and 

possibly a higher level of scatter.   
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3.0 CONCEPTUAL MODEL FOR CHARACTERIZING VORTEX RETARDERS 

USING THE POINT SPREAD MATRIX  

This chapter develops a model for the point spread function of an optical 

system with a polarization vortex at the pupil plane.  The formalism for the point 

spread function in the presence of polarization aberrations has been well 

developed for both the paraxial case [27-30] and the non-paraxial case [31-33].  

This dissertation will only summarize the few key relationships central to this 

work.  The description of the point spread function in Mueller Matrix format as a 

point spread matrix (PSM) is also well developed [34].  However, the application 

of the PSM to a pupil plane polarization vortex is unique as presented in this 

chapter.  To study the polarization dependent spatial frequency transfer 

characteristics, the optical transfer matrix (OTM) is developed. The OTM was 

developed by McGuire and Chipman [34] but its application to pupil plane 

polarization vortex is also unique. 

3.1 Development of the PSM and OTM 

The PSM and the OTM have been used to assess the applicability of the 

photo-aligned LCP vortex retarder. The closer the performance is to ideal, the 

greater the applicability should be. If significant undesired polarization 

aberrations, non-uniformity, or stray light are present, the device is less useful. 

The paraxial PSM measurements are compared to the calculated PSM.   
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The first step is determining the pupil function as a Jones matrix of pupil 

coordinates. This pupil function includes the space variant polarization element, 

the pupil aperture, and wavefront aberrations. This function, termed the 

polarization aberration matrix (PAM), was defined by McGuire and Chipman [34] 

as: 

 ρ λ ρ ρ λ ρ λ=( , , ) ( , )exp( ( , , )) ( , , )VRPAM h P h j kW h J h  [3-1] 

where P is the pupil function, W is the wavefront aberration function, and JVR is a 

Jones Matrix describing the vortex retarder. h, ρ and λ are the object coordinate, 

pupil coordinate and wavelength of light respectively.  This function relates the 

Jones vector at the entrance pupil to that at the exit pupil providing a detailed 

complete description a polarization aberrated imaging system. 

The Amplitude distribution in the image space is equal to the convolution 

of the amplitude response matrix (ARM) and the amplitude distribution in the 

object space.    

 i oU h U= ∗  [3-2] 

The detailed derivation of the ARM is given in [34].  The key assumptions are 

that Kirchhoff's principle applies in that the extent of the stop does not perturb the 

field at the exit pupil that the exit pupil can be related to the field incident in the 

entrance pupil by a Jones Matrix, and that scalar diffraction theory is applicable.  
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The assumption that scalar diffraction theory applies restricts the NA of the 

incoming and outgoing beams to less than 0.1.   

Given the object space Cartesian coordinates (ξ,η), the pupil coordinates 

(x,y), and the image space coordinates (u,v), the ARM is given as [34]: 

 11 12

21 22

{ } { }
exp[ ( , ; , )

{ } { }
j j

h C jk u v
j j

ξ η
 

= Ψ  
 

F F
F F

 [3-3] 

where { }abjF  is the Fourier Transform of the ab element of the PAM. The 

constant C is given by 

 
2

1 22
1 2

exp[ ( )]
4

AC jk z z
z zλ

−
= + . [3-4] 

The constant C is made up of several constants that describe the system and a 

phase factor related to the position of the object and the image.  The 

transformation variables are 
2

u
M uf

z
ξ
λ

+
=  and

2
v

M vf
z

η
λ

+
= .  Only on axis cases 

were considered therefore the coordinate's ξ and η will be zero.  The 

transformation coordinates then reduce to u
u NAf λ=  and v

v NAf λ= .  The 

phase factor is given as: 

 
2 2 2 2
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z z

ξ ηξ η + +
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For these cases, this term is very small and is ignored. 

In summary, the ARM results from taking the Fourier Transform of the 

PAM where the transformation coordinates are related by the image space 

coordinates, the NA of the system, and the wavelength.   

The PSM represents image intensities using a 4x4 matrix that relate the 

object-plane Stokes vector to the image-plane Stokes vector. The formalism is 

valid for partially coherent light propagating through a polarizing optical system.   

A more complete development of this procedure is given by McGuire and 

Chipman [34].   

The key relation required to calculate the PSM is 

 1 1 2 2 1 1 2 2( , ; , ; , ) ( , ; , ) ( , ; , )cP u v h u v h u vξ η ξ η ξ η ξ η∗= ⊗  [3-6] 

where P is the PSM relating the mutual coherence vector at the object plane to 

the mutual coherence vector at the image plane and ⊗  is the direct (or 

Kronecker) product [34].  The PSM in the Stokes basis is found by rotating the 

matrix Pc 

 1
cP S P S−= ⋅ ⋅  [3-7] 

where  
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1 0 0 1
1 0 0 1
0 1 1 0
0 0

CartS

j j

 
 − =
 
 − − 

 [3-8] 

is the rotation matrix for converting the PSM to the Stokes basis where the 

coherence vectors are in Cartesian coordinates. 

 The OTM is the polarization generalization of the optical transfer function 

(OTF).  It describes the polarization sensitive frequency transfer characteristics of 

the optical system.   

 The OTM is calculated by taking the Fourier Transform of PSM and 

normalized by taking dividing by the zero frequency component. 

 ν ν s
u v

{P }H( , ) =
N
F . [3-9] 

N is given by: 

 
∞
∫∫

2 2 2 2
11 21 12 22

1N = H (p,q) + H (p,q) + H (p,q) + H (p,q) dpdq
2

 [3-10] 

   

3.2 The PAM for Vortex Retarders 

The PAM for vortex retarders in a system free of wavefront aberrations is 

derived.  The Jones Matrix for a retarder with no diattenuation and with the fast 

axis aligned along the x-axis is given by 
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 Re

1 0
0t iJ

e δ

 
=  

 
 [3-11] 

where δ is the retardance of the component.  If the orientation of the retardance 

is space variant then the PAM matrix for this component is given by 

 1
Re( ) ( )tPAM M J Mθ θ−= ⋅ ⋅  [3-12] 

where ( , )x yθ θ=  is the space variant orientation and M is the Mueller rotation 

matrix. 

 
cos(2 ) sin(2 )

( )
sin(2 ) cos(2 )

θ θ
θ

θ θ
 

=  − 
M  [3-13] 

In the case where the retardance is a halfwave or 180 degrees and the fast axis 

orientation is 1( , ) 2θ φ=x y m , the PAM reduces to 

 
( ) ( )
( ) ( )

cos sin
( )

sin cos
m m

PAM m
m m

φ φ
φ

φ φ
 

=   − 
 [3-14] 

Equation 3-12 indicates that for a vortex retarder, the PAM is only a function of 

the polarization vortex mode (m) and the azimuthal angle.  The exit pupil Jones 

vector E(ρ,φ) for a given a linear polarized input field aligned along the x axis is 

 
( ) ( )
( ) ( )

cos sin 1 cos( )
sin cos 0 sin( )

m m m
m m m

φ φ φ
φ φ φ

     
⋅ =      −     

 [3-15] 
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This is equivalent to equation 1-1 with γ=0 indicating that the output of the vortex 

retarder is a polarization vortex. 

An alternative method to evaluate the output of a vortex retarder is to 

examine the output field using a circular polarization basis. The output a vortex 

retarder with a combination of right circular (RC) and left circular (LC) polarized 

inputs is given by [35]: 

 ( ) ( ) 2 ( , ) 2 ( , )1 11 1 12 2
i i i x y i x y

out in in inE e E e e R L E e L R Eδ δ θ θ− = + + − +  [3-16] 

where T1R = (1,-i)
2

and T1L = (1,i)
2

.  The input polarization is given by: 

 α β= + = +in in inE R R E L L E R L  [3-17] 
 

For convenience, I have used the bra-ket notation for the output, input, RC, and 

LC fields.  The advantage of this basis for evaluating the vortex retarder is that 

the output of the vortex retarder is the summation of three polarization orders.  

The first maintains the phase and polarization of the input field.  The second and 

third are RC and LC fields respectively and both have a phase modulation which 

is related to the variation in fast axis orientation.  In the case where the 

retardance is a halfwave and the fast axis is given by 1( , ) 2θ φ=x y m , equation 3-

14 reduces to 

 φ φβ α −= +im im
outE e R e L  [3-18] 
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An important result is that the variation in orientation results in a geometric phase 

shift.  The behavior of this is identical to a diffraction grating with a +1 and -1 

order operating on RC and LC polarization states respectively. Close 

examination of equation 3-15 suggests that the interaction to wavefront 

aberrations could be different for RC and LC polarized fields. This will be used in 

chapter 6 to understand the variations between the measured and the predicted 

PSM 

3.3 Calculation of PSM and OTM 

As an example, the following section shows the PAM, ARM, and the PSM 

for a m=2 vortex retarder performed using Matlab version 6.5 from Mathworks.   

For the PAM, the grid size selected was 99x99.  The pupil function 

selected was a circular function where inside the aperture the transmission is 1 

and outside it is 0.  The radius of the aperture was 49 with the units being grid 

units.  The real part of the PAM is shown in Figure 3-1.  The vortex retarder has a 

retardance of 180 degrees.   
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Figure 3-1:  PAM for an m=2 vortex retarder is pure real. 

The PAM shown in Figure 3-1 indicates that the j11 and j22 are equal but opposite 

and the j12 and j22 elements are the identical.   

The ARM was calculated by taking the discrete Fourier transform of the 

PAM.  To increase the number of points sampled in the image plane, I expanded 

the aperture of the PAM such that the blocked region of the aperture expanded to 

an 800x800 grid.  The ARM for the PAM shown in Figure 3-1 is shown in Figure 

3-2: 
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Figure 3-2: Real part of the ARM (left) and the imaginary part of the ARM (right).  
This is the Jones matrix for the image of an on-axis point object. 

The pixel dimensions in Figure are in u
u NAf λ= and v

v NAf λ= . 

The PSM calculated from the ARM shown in Figure 3-2 is shown in Figure 

3-3.   

 

Figure 3-3: PSM (Mueller Matrix) calculated from the ARM in Figure 3-2. 

In Figure 3-3, the following is observed: 
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1. The m00 element is a donut shaped element indicating that the intensity 

point spread function for an unpolarized input will be a donut shaped. 

2. Since m01=m02=m03, the PSF is the same for all input polarization states. 

3. The m33 element is also a donut shaped element with a magnitude 

opposite to m11 indicating the PSM is acting as a half wave retarder 

converting RC into LC and LC into RC. 

4. The m11, m12, m21, m22 elements show a modulation of the signal.  This will 

give rise to a propeller shaped PSF when an analyzer is placed at the 

image plane.  The orientation of the analyzer will determine the orientation 

of the propeller. 

Once the PSM is calculated, it can then be used to calculate the PSF of the 

optical system in question for different combinations of input polarization states 

and output analyzers.   As an example, Figure 3-4 shows a sample the predicted 

PSF for an m=2 vortex retarder and the case where the input polarization state is 

linear horizontal polarized light and with (a) no analyzer at the output, (b) a 

horizontal linear analyzer, and (c) a vertical linear analyzer.   
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         (a)         (b)        (c) 

Figure 3-4:  PSF of an m=2 vortex retarder for horizontal linear polarized input 
and (a) no analyzer, (b) horizontal linear analyzer, (c) vertical linear analyzer 

 From the PSM, the OTM is calculated.  Taking the magnitude of the OTM 

gives the modulation transfer matrix (MTM) and the phase gives the phase 

transfer matrix (PTM). The MTM and the PTM for an m=2 vortex retarder is 

shown in Figure 3-5. The x and y coordinates in each of the elements represents 

the spatial frequency with the zero spatial frequency components at the center. 

Figure 3-5 indicates the following: 

1. The H00 and the H33 for the MTM are circularly symmetric with a 

value of 1 at the origin. 

2. The H11, H12, H21, H22 components are propeller shaped.  This 

indicates that the Modulation Transfer Function (MTF) for this 

system with a linear polarized input will depend on the orientation of 

then analyzer. 
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Figure 3-5:  MTM (top) and PTM (bottom) for an m=2 vortex retarder 

Figure 3-6 shows the MTF along the νu axis for the case of horizontal 

linear polarized input and no analyzer, a horizontal linear analyzer, and a vertical 

linear analyzer.  Figure 3-7 shows the phase of the OTF or phase transfer 

function (PTF) for the same conditions shown in Figure 3-6.     
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Figure 3-6:  MTF for an m=2 vortex retarder 

 

 
Figure 3-7: PTF for an m=2 vortex retarder 
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3.4 Summary 

In this chapter, I developed a model to describe the point spread function 

of an optical system which has a pupil engineer polarization vortex.  I defined the 

PAM for a vortex retarder which, for the case of an aberration free system, 

creates the pupil function of the optical system.  I then defined the ARM as the 

Jones Matrix of the PSF and is calculated by taking the Fourier Transform of the 

PAM. From the ARM, the PSM is calculated by taking the direct product of the 

ARM and its complex conjugate and then transforming the PSM to the Stokes 

Basis.     I went through a sample calculation demonstrating the PSM for an m=2 

vortex retarder.  The PSM of the vortex retarder shows a donut shaped PSF in 

the m00 and m33 and propeller shaped PSF in the m11, m12, m21, and m22 

elements.  I also showed that the PSM can be used to calculate the PSF for a 

variety of input polarization states and output analyzers.  From the PSM, I 

calculated the OTM.  The OTM has many of the same characteristics as the PSM 

in that the frequency response will be highly dependent on the orientation of the 

analyzer.   
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4.0 CHARACTERIZATION OF VORTEX RETARDERS 

 This chapter describes the fabrication of photo-aligned LCP samples and 

presents their measured polarization properties.  To describe the development of 

the vortex retarder samples, I briefly give details of how the samples were 

fabricated.  In describing the properties of these samples, I present measured 

space variant polarization properties of the vortex retarders with measurements 

at both moderate and high resolution. 

4.1 Fabrication of Photo-aligned LCP Samples 

The concept for fabricating photo-aligned LCP samples was given in 

chapter 2.2. Here further details are given.  

The specific process used to make the samples is as follows.  A photo-

alignment layer (ROP108 from Rolic) was spin-coated onto the substrate, baked, 

and then the alignment was set through exposure to linear polarized UV (LPUV) 

light.  The alignment layer was exposed through a narrow wedge shaped 

aperture located between the substrate and the polarizer as shown in Figure 2-3.  

Both the polarizer and the substrate were continuously rotated during the 

exposure process in order to create a continuous variation in photo-alignment 

orientation with respect to azimuthal locations on the substrate.  The variation in 

fast axis orientation with azimuthal angles was determined by the relative rotation 

speeds.  The ratios are given in table 2-1.  The LCP precursor (ROF5104 from 
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Rolic) was then spin-coated and subsequently polymerized using a UV curing 

processes.  A post bake stabilized the films. The general process conditions are 

summarized in table 4-1 

Table 4-1:  General process conditions for the photo-aligned LCP samples 

Step Comments 

Spin-coat LPP (ROP108) Coating of Alignment layer 

Bake Removes Solvent 

LPUV exposure Substrate azimuthally scanned under 
a 5° aperture.  Polarizer:Substrate 
rotation rate ratio R. 

Spin-coat LCP (ROF5104) Coating of LCP layer; spin coating 
and formulations designed to achieve 
a given retardance 

Anneal Promotes LCP alignment with LPP 

UV cure Polymerizes LCP 

Post-bake Removes solvents and stabilizes 
retardance 

The samples were fabricated on 2 inch squares of Corning 1737F glass, having a 

broadband visible AR on the back surface.  The process targeted a half wave 

retardance for wavelengths in the range of 540~550nm.   

4.2 Initial Characterization of Vortex Retarders 

After some initial trial and error, and optimization of the technique, the set 

of samples listed in Table 4-2 ware produced.   
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Table 4-2:  Vortex Retarder Samples Produced 

Sample ID# α m 

DS070529-45 1.5 3 

DS070523-40 1.0 2 

DS070529-48 0.5 1 

The sample polarization properties were first mapped on a commercially 

available Axoscan Mueller Matrix Spectro-Polarimeter available from Axometrics 

[36].  The samples were placed on a x-y stage and mapped at a 0.5x0.5 mm xy-

resolution. The beam diameter, however, was approximately 2.5 mm.  Summary 

maps of linear retardance, fast axis orientation, and photographs of the part 

between crossed-polarizers are provided for each sample in Figures 4-1 to 4-3.   

The retardance maps were done at 570nm so that small variations in the 

retardance would not cause the retardance to vary across 180 degrees causing a 

subsequent jump in orientation and change in the order of the waveplate. The 

retardance maps show that the samples were uniform in retardance and 

approximately a half wave at 550nm.   A summary of the retardance of each 

sample is given in table 4-3.  The irregularities seen at the top, bottom, left, and 

right of the retardance and fast axis orientation maps are an artifact of retardance 

order changing from order=0 to order=1 where the LCP becomes thicker near the 

substrate edge.  
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Table 4-3: Summary of the retardance for m=1, 2, and 3 vortex retarders 

m Mean-δ (nm) Mean-δ (deg) 

λ=550nm 

Range (+/- %) 

3 270 176 3.7% 

2 263 172 2.8% 

1 273 178 3.2% 

The fast axis maps shown in Figures 4-1(b) through 4-3(b) are given in degrees 

and with a range from -90 to 90.  Note that -90 and +90 in these maps are the 

same value so the apparent discontinuities in the Figures are an artifact of the 

scale used.  The orientation in all cases is continuously varying at this resolution.  

The measured fast axis for each vortex retarder was as designed based on ratio 

of substrate to polarizer rotation; for example for the m=3 vortex retarder, the 

measured change in fast axis of 540 degrees over the component,  for the m=2,  

measured a 360 degrees change, and for the m=1, measured a 180 degree 

change.  Figure 4-4 shows the fast axis of the m=3 component with the center 

expanded so that only the center 6mm x 6mm region is presented.  This result 

clearly suggests that at the 0.5mm scale, the orientation changes continuously 

over the azimuth of the component. 
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Figure 4-1: DS070529-45, m=3:  (a) linear retardance map (in nm) (b) fast axis 
orientation map, (c) transmission through cross polarizers, (d) transmission 

through cross polarizers :magnified to the center of the vortex retarder

Scale: 1 unit = 100 µm 

c

d 

a b
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Figure 4-2: DS070523-40,  m=2.0: (a) linear retardance map (in nm) (b) fast axis 

orientation map, (c) transmission through cross polarizers, (d) transmission 
through cross polarizers magnified to the center of the vortex retarder 

Scale: 1 unit = 100 µm

a 

d 

b

c 



 

 

62

 

 

 

 
Figure 4-3: DS070529-48, m=1: (a) linear retardance map (in nm) (b) fast axis 

orientation map, (c) transmission through cross polarizers, (d) transmission 
through cross polarizers magnified to the center of the vortex retarder 

Scale: 1 unit = 100 µm

a b

c 

d 
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Figure 4-4: Expanded  view of measured fast axis orientation showing a 6mm x 
6mm central region of the m=3 vortex retarder  

Figures 4-1c, 4-2c, and 4-3c, show photographs of the vortex retarders in 

transmission between two crossed linear polarizers.  Because the component is 

a half wave plate, a linear polarized input field will be converted to a rotating 

linear polarized output field yielding a periodic modulation of the intensity.  The 

photographs presented in Figures 4-1c-4-3c confirm this where the number of 

modulations in intensity depends on the order of the vortex retarder.  The 

transitions between light and dark in the observed transmission appeared 

continuous thus giving further evidence that the fast axis orientation is continuous 

in the components. 

Figures 4-1d, 4-2d, and 4-3d, shows the vortex retarders in transmission 

when viewed between cross polarizers using a microscope to highlight the 

central region of the vortex retarders.  The small artifacts are dust particles on 

the component and not defects in the vortex retarders. The central region of 
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approximately 100µm of these vortex retarders has an area where the fast axis 

orientation no longer behaves as a vortex retarder.  This result was expected; 

however, the specific dimensions of this central region of disorientation were not 

known in advance.  The cause of this central region is the LPUV aperture shape 

at its vertex and the precision of alignment to the center of rotation of the 

substrate.  In most applications, a center aperture could be used to mask out this 

central region.  However, there may be applications where this is not possible or 

when the illumination area is focused towards the center of the vortex retarder. 

More development would need to be done to minimize the area of disorientation. 

This impact and requirements for the center region of disorientation will be 

addressed in Chapter 6. 

Figure 4-5 shows the measurements of the dispersion of the retardance 

where the measurement is at a single point but the wavelength is changed from 

400nm to 800nm.  The intersection of the horizontal and vertical dotted line 

shows the wavelength where the retardance is half wave or 180 degrees.   
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(a) 

 
(b) 

 
(c) 

Figure 4-5: Measured retardance from 400nm-800nm (a) m=1, (b) m=2, (c) m=3     
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Figures 4-6 through 4-8 show the measured retardance of the m=1, 2, and 

3 components respectively.  The two measurements presented are the linear 

retardance and the circular retardance.   

For each of the measurements shown in Figures 4-6 through 4-8, the 

discontinuity observed near the edge of the component is due to an increase in 

thickness.  In general, as previously reported, the retardance is very uniform.  By 

comparing the linear retardance and circular retardance, it is clear that the linear 

retardance is much greater than the circular retardance.  There is, however, 

some circular retardance observed.  Typically the magnitude is less than 10 

degrees.  Note that at the center of the m=2 and m=3 component, the circular 

retardance is very large (~170 degrees).  This is caused by the 2.5mm beam size 

of the measurement which, at the center of the vortex retarder, is sampling a 

constant retardance and all orientations.  This was not observed in the 

polarimetry measurements at high resolution. 
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(a) 

 
(b) 

Figure 4-6: m=1 vortex retarder: (a) linear retardance, (b) circular retardance 



 

 

68

 

 
(a) 

 
(b) 

Figure 4-7: m=2 vortex retarder: (a) linear retardance, (b) circular retardance 
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(a) 

 
(b) 

Figure 4-8: m=3 vortex retarder: (a) linear retardance, (b) circular retardance 
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Figures 4-9, 4-10, and 4-11 are a measurement of the diattentuation and 

the diattenuation orientation of each of the three components.  The measured 

diattenuation was less than 0.03 for all three components.  Although not zero, 

this value is very small and its impact on the functional performance of the vortex 

retarder is a small polarization dependent apodization of the pupil. The 

diattenuation orientation matches that of the retardance orientation indicating the 

very small amount of diattenuation creates a very weak vortex polarizer. 

Figure 4-12 is the measured depolarization index of each of the vortex 

retarders.  The depolarization index is defined as [37]: 
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This index measures how close a Mueller matrix is to the set of nondepolarizing 

Mueller matrices, and is related to the average depolarization of the exiting light. 
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(a) 

 
(b) 

Figure 4-9: m=1: (a) diattenuation magnitude, (b) diattenuation orientation 
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(a) 

 
(b) 

Figure 4-10: m=2: (a) diattenuation magnitude, (b) diattenuation orientation 
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(a) 

 
 

Figure 4-11: m=3: (a) diattenuation magnitude, (b) diattenuation orientation 
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(a) 

 
(b) 

 
(c) 

Figure 4-12: Depolarization index: (a) m=1, (b) m=2, (c) m=3.  Scale is 0 (green) 
to 0.7 (red) 

The depolarization index is close to zero over most of the vortex retarders 

which implies the components do not cause a conversion of polarized states to 
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depolarized states.  However, near the center of the vortex retarder, the 

depolarization index is much greater than zero.  This is caused by the different 

orientations sampled by the 2.5mm.  Of note is that the higher the order of the 

vortex retarder, the higher the depolarization index at the center of the 

component and the larger the region over which the depolarization index is 

significant.   In the measurements, there are several locations where the 

depolarization index is greater than zero that are not located at the center.  This 

is caused by defects in the component. 

 

4.3 High Resolution Polarimetry of Vortex Retarders 

This section presents polarimetry measurements of the vortex retarders 

taken using a Mueller Matrix Microscope to study the space variant polarization 

properties of the vortex retarders at a high resolution to examine the microscopic 

polarization properties.  For the fast axis orientation, the objective was to 

determine if there were microscopic variations in the orientation that could not be 

observed at lower resolutions. 

The setup of the imaging polarimetery is shown in Figure 4-13.  The use of 

imaging polarimetry is well established and more details on the principles of 

operation are described in the literature [37,38] 
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The measurement consists of a light source, a polarization state generator 

(PSG) consisting of a stationary polarizer followed by a rotating retarder , a 

microscope objective, a polarization state analyzer (PSA) consisting of a rotating 

retarder and a stationary polarizer, and a CCD detector.  The principle of the 

measurement is to take Q different images acquired at different orientations of 

the linear retarder and linear polarizer in both PSG and PSA.  In this system, the 

polarizers are stationary and the 2 retarders are rotated @ ~5:1 ratio by 360°/Q 

and by 5(360°)/Q.  The measurement system uses Q=64 to ensure sampling is 

done above the Nyquist frequency and that the measurement is over determined. 

At each of the 64 measurements, the intensity is measured and is given 

by:  

 

  
  
   = ⋅ ⋅ = ⋅ ⋅    
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. [4-2] 

Pq is the specific element of the measurement vector, 
T

A is the analyzer vector, 

M is the Mueller Matrix of the component and S  is the input stokes vector. The 

measurement is made at each pixel location on the CCD camera.  The data 

reduction proceeds by operating on the measurement vector as follows 

 1( )T TM W W W P−= . [4-3] 



 

 

77

 

W is the polarimetric measurement matrix and is a Qx16 matrix which is 

calibrated to a specific system setup.   The factor 1( )−TW W  is the pseudo-inverse 

of the polarimetric measurement matrix.  M  is the Mueller vector and is given by 

(m00 m01 m02 m03 m10 ….m33)T.   

 

Figure 4-13:  Setup of the Mueller Matrix Microscope 

A picture of the Mueller matrix microscope setup at the College of Optical 

Sciences in Prof. Chipman's lab is given in Figure 4-14. 

 

Figure 4-14:  Photograph of the Mueller Matrix Microscope setup 

Microscope 
Objectives PSG 

PSA 

Sample 

Detector 
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The illumination source was an Oriel monochrometer with an arc lamp and 

approximately 10nm spectral bandwidth and spectral range from 400-900nm 

enabling measurements to be performed over the entire visible wavelength range.  

Each sample was measured at the wavelength where the vortex retarder was a 

half wave or approximately 550nm.  The specific wavelength for each vortex 

retarder was determined from Figure 4-5.  The Mueller matrix analysis software 

has an issue with measuring retardance around the half wave wavelength. The 

specific issue is shown pictorially in Figure 4-15.  The specific order of the 

waveplate would shift every time the retardance rises above 180 degrees; 

therefore, the data has 90 degree discontinuities in the fast axis and the 

retardance above 180 degrees are reflected to below 180 degrees.   

π 

π π 2π 

θ0±90° 

θ0 

Retardance Orientation 

 

Figure 4-15: Pictorial explanation of issue with retardance and orientation 
discontinuity through a half wave wavelength. 

The microscope and camera field of view was approximately 1mm.  The 

CCD detector active area was 100x100 pixels so the instantaneous field of view 

of each pixel was 10µm.   For each vortex retarder, 5 measurements were 

performed to understand uniformity.  One measurement was performed at the 
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center and one 1.5mm from the center at towards each of the edges of the 

component as shown in Figure 4-16. 

 

Figure 4-16: Measurement location using the Mueller Matrix Microscope 

Figure 4-17 show the measured retardance at position 1 for the m=1 

retarder.   

 

1 23

4
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Figure 4-17:  Measured retardance for the m=1 component at position 1 (a) linear 
retardance, (b) circular retardance, (c) cross section of linear retardance in the x-

direction, (d) cross section of linear retardance in the y-direction 

The retardance in is approximately a half wave linear retardance and the 

circular retardance is negligible.  The retardance variation along the x-direction is 

higher than expected and much higher than was measured at the lower 

resolution.  The retardance variation in the y direction is very small which is what 

was expected.    

The circular retardance observed was very small compared to the total 

retardance.  The circular retardance for the m=2 and m=3  at position 1  are 

given in Figure 4-18.  The circular retardance of these components was very 

a b

c d
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small compared to  the half wave linear retardance measure (not shown). This is 

different than the measurements observed at low resolution confirming that the 

cause of the observed circular retardance measured at low resolution was due to 

the ~2.5mm beam size used in the Axoscan measurements. 

 

Figure 4-18:  Measured circular retardance for the m=2 and m=3 components 
measured at position 1. 

The retardance orientation is given in Figure 4-19 for the m=1 vortex retarder at 

position 1.   

 

Figure 4-19: Retardance orientation for m=1 vortex retarder measured at position 
1: Left - map of  retardance orientation, right – retardance orientation function of 

azimuthal angle at a radius of ~0.7mm. 
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The discontinuities observed at approximately 70 degrees and 280 

degrees are caused by the order shift in the retarder.  Figure 4-19 on the right 

hand side shows the orientation as a function of azimuthal angle observed is 

continuous; not withstanding the discontinuity that occurs where the retardance 

passes through 180 degrees.  This is significant as a key objective of using 

photo-aligned LCP was to demonstrate a technology that could create a 

continuous orientation variation as a function of azimuthal angle.   The vortex 

retarder also maintains the linear variation except for the central region which is 

approximately 200µm. This size is consistent with the observations of Figure 4-3. 

Figure 4-20 presents the degree of polarization (DOP) for the m=1 

component at position 1 for the case of horizontal linear polarized input.  The 

degree of polarization is given as [37] 

 
2 2 2

1 2 3

0

S S S
SDOP + += , [4-4] 

 

where Si is the output Stokes vector for horizontal linear input an is given as: 
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Figure 4-20: DOP map of the m=1 vortex retarder measured at position 1.  The 
input state of polarization is horizontal linear polarization 

Note that the DOP is much less than 1 in the center of the vortex retarder 

which implies that the component is acting as a depolarizer in this location.  

Figure 4-21 shows a DOP map.  The DOP map shows the DOP for different input 

polarization states at a single location on the component.  In Figure 4-21, the 

location is where the DOP was determined to be a minimum based on the image 

shown in Figure 4-20.  The DOP map indicates that at this location the vortex 

retarder is strongly depolarizing for linear polarized states but is not depolarizing 

for circular polarization.  This linear polarization scrambling is caused by the 

different orientations near the center of the vortex retarder.  For a circular 

polarized input field, the output field will also be circular polarized but in an 

orthogonal direction, less polarization scrambling should occur but significant 

wavefront aberrations should result. 
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Figure 4-21: Degree of polarization plot for the m=1 component taken at a 
location where the measured DOP is low for horizontal polarization input. 

Near the periphery of the DOP image of Figure 4-20 the DOP is slightly less than 

1.  Figure 4-22 shows a DOP map for 4 locations on the vortex retarder 

corresponding to 0, 90, 180, and 270 degree azimuth near the periphery of the 

pupil map (~0.8mm). The results indicate that the DOP is well above 0.95 but 

there are specific locations that depend on the azimuthal location that exhibit a 

small amount depolarization for different polarization states.  The locations of 

maximum DOP occur along eigenpolarizations and the minimum DOP occur at 

polarizations furthest from the eigenpolarizations.
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Figure 4-22: DOP map for an m=1 vortex retarder measured at a radius ~0.7mm for (a) 0 deg azimuth (b) 90 deg 
azimuth, (c) 180 deg azimuth, (d) 270 deg azimuth

c d

a b
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Figure 4-23 presents the retardance orientation for the m=1 vortex 

retarder but measured at position 2 and position 4.  The Figures on the right 

hand size show the cross section moving in the y-direction for position 2 and in 

the x-direction for position 4. In both positions, the results indicate the orientation 

is linearly increasing around the pupil.   

 

Figure 4-23:  Retardance orientation measured for the m=1 vortex retarder 
measured at (a) position 2, (b) position (4).   

The retardance orientation for the m=2 vortex retarder measured at position 1 is 

presented in Figure 4-24.   

 

(a) 

(b) 
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Figure 4-24:  Retardance Orientation for m=2 vortex retarder measured at 
position 1.  Right-map of the orientataion.  Left orientation vs. azimuthal position 

at a radius ~0.7mm. 

Figure 4-24 indicates the orientation for the m=2 retarder varies linearly 

with azimuth and is continuous.  The orientation map on the left, indicates that 

the vortex retarder has the desired orientation except in the central 10% 

(~100µm).  In that region, the orientation is approximately constant.   

The DOP image is shown in Figure 4-25 for the m=2 retarder at position 1 

for a horizontal linear polarized input.  The DOP image shows that this vortex 

retarder almost completely depolarizes near the center of the pupil as was the 

case for the m=1 component.   
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Figure 4-25:  DOP map of the m=2 retrder at position 1 for a horizontal linear 
polarized input.  The DOP is slightly less then 1 near the periphery (~0.975) 

Figure 4-26 is a DOP map for the m=2 component at a location where the 

DOP is very small for a horizontal linear polarized input field.  The map is similar 

to that shown in Figure 4-21. The m=2 component behaves the same as the m=1 

component where the component acts as a polarization scrambler for linear 

polarized states but maintains a high degree of polarization for the circular 

polarized states. 
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Figure 4-26: Degree of polarization map for the m=2 vortex retarder taken at a 
location where the measured DOP is low for horizontal polarization input. 

Figure 4-27 presents the retardance orientation for the m=2 vortex 

retarder but measured at position 2 and position 4.  The Figures on the right 

hand size show the cross section moving in the y-direction for position 2 and in 

the x-direction for position 4. As was the case for the m=1 vortex retarder, the 

results again suggest that the orientation is continuous and varying linearly.   
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Figure 4-27:  Retardance orientation measured for the m=2 vortex retarder 
measured at (a) position 2, (b) position (4).   

The retardance orientation for the m=3 component measured at position 1 

is shown in Figure 4-28.  The orientation vs. azimuthal shown on the right hand 

side is difficult to interpret because of the order changes that cause a 90 degree 

change in the orientation.  However, the plot suggests the orientation varies 

linearly with azimuthal angle and is continuous.  This is consistent with the 

results observed with the m=1 and m=2 component.  The orientation map shown 

on the left, indicates that the vortex retarder maintains its orientation except in 

the central 20% (~200µm).  In that region, we observe a significant variation in 

the orientation.   

(a) 

(b) 
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Figure 4-28:  Retardance Orientation for m=2 vortex retarder measured at 
position 1.  Right-map of the orientataion.  Left-orientation vs. azimuthal position 

The DOP map is shown in Figure 4-29 for the m=3 retarder at position 1 

for a horizontal linear polarized input to the component.  The DOP map shows 

that the component acts as a depolarizer near the center as was the case for the 

m=1 and for the m=2 component.   

 

Figure 4-29:  DOP map of the m=3 retarder at position 1 for a horizontal linear 
polarized input.  The DOP near the periphery is ~0.975. 

Order Change 
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Figure 4-30 is a DOP map for the m=3 component at a location where the 

DOP is very small for a horizontal linear polarized input field.  The m=3 

component behaves the same as the m=1 and m=2 component where the 

component acts as a polarization scrambler for linear polarized states but 

maintains a high degree of polarization for the circular polarized states. 

 

Figure 4-30: Degree of polarization map for the m=3 vortex retarder taken near 
the center at a location where the measured DOP is low for horizontal 

polarization input. 

Figure 4-31 presents the retardance orientation for the m=3 vortex 

retarder but measured at position 2 and position 4.  The Figures on the right 

hand size show the cross section moving in the y-direction for position 2 and in 
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the x-direction for position 4. As was the case for the m=1 and m=2 vortex 

retarder, the results again suggest that the orientation is continuous and linear.   

 

 

Figure 4-31:  Retardance orientation measured for the m=3 vortex retarder 
measured at (a) position 2, (b) position (4).   

Note that the discontinuities in the orientation maps on the left hand side are 

caused by the retardance moving through 180 degrees. 

4.4 Summary 

This chapter described production and properties of three photo-aligned 

LCP vortex retarders of order m=1,2, and 3 at 550nm, using two Mueller matrix 

polarimters. The polarization properties were imaged at moderate resolution and 

(a) 

(b) 
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high resolution. The measurements demonstrated that the vortex retarders are 

half wave plates with a continuous fast axis orientation at a  resolution of 0.5mm 

and 10µm. Other critical in properties were the depolarization of the component, 

the amount of circular polarization, and the central region of disorientation.  

The depolarization over most of the vortex retarder was low.  However, at 

0.5mm resolution the center of all three vortex retarders had a high 

depolarization index . At 10µm resolution, the DOP was low in the center for a 

horizontal linear polarized input field but remained high for circular polarized input 

suggesting  that the depolarization occurs due to the superposition of many 

orientations of a half wave retarder in a small sampling region. This will not 

impact the vortex retarder performance except where the illumination area is 

concentrated in the center. 

Over most of the component, the circular retardance was less than 10 

degrees (λ/36) which is small compared to the overall retardance. This is 

analyzed further in chapter 6. Circular retardance was observed, however, in 

measurements made at 0.5mm.  At higher resolutions, the circular retardance 

was significantly smaller in the center region suggesting the observation at 

0.5mm resolution was due to sampling of the different orientations with the 

2.5mm beam.  

A center region of retardance orientation disorientation was observed in 

the vortex retarders.  This is likely caused by small misalignments with the vertex 
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of the LPUV mask with the center of rotation. Microscope images taken with the 

component between cross polarizers indicate this center region of disorientation 

is on the order of 100 µm. High resolution polarimetry measurements of the 

center region of the vortex retarders confirmed this region. The impact of this 

region is also assessed in chapter 6.
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5.0 MEASUREMENT OF PSM FOR VORTEX RETARDERS 

In chapter 3, a conceptual model was developed using the PSM and the 

OTM to characterize the performance of a vortex retarder in an optical system.  

This chapter verifies this model by presenting the measured PSM and OTM 

calculated from the measured PSM of an optical system with a pupil engineered 

polarization vortex engineered as described in Chapter 4.   

The chapter starts with a brief description of the optical system used to 

measure to PSM.   Then the PSM and OTM measurements are presented at 

several wavelengths throughout the visible spectrum.  These results are 

compared to the theory and the results discussed. 

5.1 Experimental Technique 

This section describes the experimental technique used to measure the 

PSM of an optical system containing the vortex retarder.  The setup is similar to 

the Mueller Matrix microscope described in chapter 4.  Specific details of 

measuring the PSM can be found in the literature [39,40].  The data reduction 

technique to generate the Mueller matrix image is identical to that used in the 

Mueller Matrix microscope measurement. 

An instrument schematic is shown in Figure 5-1 and a picture shown in 

Figure 5-2.  The camera is focused on an illumination point source.  A 10µm 
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pinhole illuminated a monochrometer.  A collimating lens forms an approximately 

uniform plane wave at the vortex retarder. 

An aperture stop after the vortex retarder defines the stop of the system 

thus defining the exit pupil.  After setting up the system, small adjustments were 

made to minimize the aberrations in the point spread function measurement.  To 

further minimize the aberrations, the aperture stop was reduced to approximately 

2.5mm which provided a nearly aberration free image.  The final illumination 

region on the vortex retarder was approximately 3.0mm yielding an f-150 beam in 

the image plane of the system; well within the paraxial approximation used in the 

calculations. 

Vortex 
Retarder PSG 

CCD 
Camera 

PSA 

Aperture Stop 

 

Figure 5-1:  Schematic of the PSM measurement 
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Figure 5-2:  Picture of the Mueller matrix imaging polarimeter at the University of 
Arizona configured for the  PSM measurement. 

The PSM associated with these samples were the same characterized in 

Chapter 4.  They are listed in Table 5-1.   

Table 5-1:  Vortex Retarder Samples Measured 

Sample ID# α m halfwave 
wavelength 

DS070529-45 1.5 3 540nm 

DS070523-40 1.0 2 550nm 

DS070529-48 0.5 1 550nm 

Recall that the samples were fabricated on 2 inch squares of Corning 1737F 

glass, having a broadband visible AR on the back surface. 

Sample 

Fiber optic Illumination 
w/ 10um pinhole 

Collimating  
Lens 

Focusing 
Lenses 

PSA

Stop

CCD Detector 
Array 

PSG
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5.2 PSM for Vortex Retarders 

The PSM of each sample was measured using the Mueller Matrix 

polarimeter measurement system.  The monochrometer wavelength was set so 

each retarder would be at a half wave retardance.  Figure 5-3 through 5-5 shows 

the PSM results of each of the measurements. 

Figure 5-3 through 5-5 demonstrates the measured PSM is very close to the 

predicted PSM. The following are some observations of the measurements: 

a) The m00 and m33 elements of the PSM show a "donut" shaped PSF 

components. 

b) The PSF components of m11, m12, m21,m22 show a "propeller" type 

response indicating a rotating S1 and S2 contribution. 

c) The m03 element is equal and opposite to m00 indicating the system will 

convert a circular polarized input to an orthogonal circular polarized output.  

This response, in combination with the propeller PSF of m11, m12, m21,m22, 

indicates each pixel in the PSF is acting like a half wave plate with 

variable orientation. 

d) The non-zero m30 and m03 element suggest small circular polarization and 

circular polarizance in the PSM 
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Figure 5-3: PSM of optical system shown in Figure 4-2 with an m=1 vortex 
retarder ((λ=550nm) 
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Figure 5-4: PSM of optical system shown in Figure 4-2 with an m=2 vortex 
retarder ((λ=535nm) 
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Figure 5-5: PSM of optical system shown in Figure 4-2 with an m=3 vortex 
retarder ((λ=550nm) 

  Next the PSM was measured from 400nm to 700nm in 10nm increments 

to determine the wavelength region over which the vortex retarder maintains 

performance expected from a pupil engineered with polarization vortex.   

Figure 5-6 and 5-7 show PSM for the m=1 and m=3 vortex retarders 

measured at 400nm, 550nm, and 700nm which indicates how the PSM varies 

over the visible.  At 400nm, the PSM is approaching the identity matrix times the 

Airy disc because at 400nm, the retardance, 300 degrees (or -60 degrees) is 

close to one wave.  At this retardance, the polarization change is small so the 
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vortex retarder is acting similar to a glass plate inserted into the optical system.  

At 550nm, the results are very close to Figures 5-3 and 5-5 since at 550nm the 

vortex retarder  is approximately a half wave.  At 700nm, the retardance is 

approximately 130 degrees indicating a significant difference from the. halfwave 

and fullwave wavelength. Because of this, the results show the PSM is a 

combination of that expected from a vortex retarder and that of a glass plate.    

The can be understood by examining equation 3-16.  At 400nm the 

retardance is low so the phase and polarization properties of the input field are 

substantially maintained (i.e. 0 order diffraction).  However, at 550nm the 2nd and 

3rd terms dominate causing a phase modulation thus +1 and -1 diffraction orders.  

At 700nm all 3 terms impact so all 3 diffraction orders are present. 

Figure 5-8 shows the cross section of the m00 at 400nm, 470nm, 550nm, 

620nm and 700nm for the m=3 vortex retarder across the center of the image. 

Figure 5-8 shows how the PSF component evolves as the wavelength changes 

which change the retardance of the component indicating the strong center peak 

at 400nm, the donut profile at 550nm, and a combination at 700nm



 

 

104

 

 
(a) 

 
                         (b)      (c)           (d) 

Figure 5-6: For m=1, (a) Retardance vs. Wavelength, (b) PSM at 400nm, (c) PSM at 550nm, (d) PSM at 700nm 
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(a) 

 
     (b)      (c)           (d) 

Figure 5-7: For m=3, (a) Retardance vs. Wavelength, (b) PSM at 400nm, (c) PSM at 550nm, (d) PSM at 700nm 
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Figure 5-8:  Irradiance profile for the m=3 vortex retarder at 400nm (top), 550nm (middle), and 700nm (bottom) 
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5.3  Comparison of Measured PSM to Calculated PSM 

This section compares the measured to the calculated PSM as described in 

chapter 3.   Figure 5-9, 5-10, and 5-11 present the comparison of the m=1, m=2, 

and m=3 vortex retarders.  All the calculations were done using Matlab.  The grid 

size for the PAM was 99x99.  The numerical aperture for the ARM calculations 

was adjusted by increasing the obscured region outside the aperture.  For these 

calculations, I increased the total grid size to 1600x1600 with an open area of 

99x99 in the center region.  This resulted in a 99x99 grid for each of the PSM 

elements with each PSF approximately the same size as the measured value 

Figures 5-9 through 5-11 suggest that the predicted PSM match the 

measured PSM very well.  In all cases, the qualitative shape for the individual 

elements of the measured and calculated PSM are very close.  Most notably, the 

donut shaped PSF in the m00 and m33 elements as well as the propeller shaped 

PSF in the m11, m12, m21, m22, elements.  Note that in both the predicted and 

measured PSM, the size of the ring shaped PSF increases as the vortex mode is 

increased. 
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Figure 5-9:  Comparison of the predicted PSM (left) and measured PSM (right) 
for the m=1 vortex retarder 
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Figure 5-10:  Comparison of the predicted PSM (left) and measured PSM (right) 
for the m=2 vortex retarder 
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Figure 5-11:  Comparison of the predicted PSM (left) and measured PSM (right) 
for the m=3 vortex retarder 
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Chapter 6 explores the variations between the measured and calculated 

PSM particularly the m03 and m30 elements.  

Figure 5-12 compares the intensity PSF for an m=2 vortex retarder in a system 

with no analyzer, a horizonal linear analyzer, and a vertical linear analyzer for a 

horizontal linear input state.  The results show in the measured performance of 

the photo-aligned vortex retarder match the predicted performance. 

   
         a            b     c 

 
         d             e    f 

Figure 5-12:  Comparison between predicted intesity PSF with (a) no analyzer, 
(b) horizontal linear analyzer, (c) vertical linear analyzer and measured intensity 

PSF with (d) no analyzer, (e) horizontal linear analyzer, (f) vertical linear analyzer. 

Figure 5-13, 5-14, and 5-15 compare the MTF and PTF for horizontal 

polarized input and no analyzer calculated from the theoretical PSM (predicted) 

and that calculated from the measured PSM (measured) for the m=1, 2, and 3 



 

 

112

 

vortex retarders respectively.   For all the vortex retarders, the measured and 

predicted MTF are in excellent agreement for the lower spatial frequencies and in 

very good qualitative agreement at the higher spatial frequencies.  The measured 

PTF of all the vortex retarders has relatively good agreement with the predicted 

values particularly at the lower spatial frequencies.  The location of phase 

discontinuities for the PTF is shifted as the spatial frequency increases.  

Additionally, there is significant structure in the measured PTF in regions where 

the theoretical PTF is relatively constant possibly suggesting the presence of 

aberrations in the measurements. 
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Figure 5-13: Comparison of predicted vs. measured MTF (top) and PTF(bottom) 
for an m=1 vortex retarder for the case of horizonal polarized input and no 

analyzer 
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Figure 5-14: Comparison of predicted vs. measured MTF (top) and PTF (bottom)  
for an m=2 vortex retarder for the case of horizonal polarized input and no 

analyzer 



 

 

115

 

 

 

Figure 5-15: Comparison of predicted vs. measured MTF (top) and PTF (bottom) 
for an m=3 vortex retarder for the case of horizonal polarized input and no 

analyzer 
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6.0  COROLLARIES AND CONSEQUENCES 

This chapter analyzes the deviations of the measured vortex PSM from the 

predictions to understand the limitations of the current photo-aligned LCP vortex 

retarders.   To analyze the differences aberrations and misalignment of the optics 

were added to the model.  I explore possible causes by calculating the effect of 

various errors and comparing to the measurements.   

6.1 Analysis of Variations From Theoretical Performance 

Figure 5-9, 5-10, and 5-11 compared the predicted PSM of an ideal vortex 

retarder to the measured PSM showing qualitative agreement but small 

differences, particularly the non-zero m03 and m30 elements. The measured 

PSMs are blurred compared to the predicted results; this is seen best in the m11, 

m12, m21, m22, elements.  The comparison between predicted and measured MTF 

and PTF for the 1,1 OTM element showed excellent qualitative agreement at low 

spatial frequencies.  At high spatial frequencies, there was good qualitative 

agreement but a variation in the quantitative values. 

In order to analyze the differences between measured and predicted results, I 

improved the calculations by adding terms to the Matlab PSM and OTM model as 

follows: 

1. The ability to model the measured properties of the vortex retarders 

2. The ability to add aberrations to the optical system 
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3. The ability to misalign the center of the vortex retarder from the center of 

the optical axis of the system. 

The measured properties of the vortex retarder were used in the simulation by 

assuming that the vortex retarder was a pure retarder (no diattenuation and no 

depolarization) and then using the space variant linear retardance, orientation, 

and circular retardance calculated from the measured Mueller Matrix images to 

calculated the PAM.  Note that I could not convert the Mueller Matrix images 

directly to Jones Matrix images because absolute phase information is lost in the 

conversion. This phase is usually referenced to the 1,1 Jones matrix element.   

Aberrations are included in the simulation by multiplying the PAM by a 

wavefront aberration identity matrix prior to taking the Fourier Transform of the 

PAM.  The PSM matrix is than calculated as previously described using the 

modified PAM.   

The misalignment is simulated by shifting the center of the pupil function by a 

shift amount. 

6.1.1 PSM Modeled with Measured Properties of a Vortex Retarder 

The m=2 vortex retarder was selected for the comparison analysis since its 

Mueller Matrix for the vortex retarders did not pass through a half wave with the 

associated orientation discontinuities. 
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I evaluated the predicted PSM but using the polarization map measured using 

the Axometrics Polarimeter which performs an x-y raster scan with 0.5 mm 

resolution.  Figure 6-1 compares the PSM of the vortex retarder (a) predicted 

using ideal properties; (b) predicted using measurement properties using the 

Axometrics Polarimeter measurements, and (c) the measured PSM.  Note that a 

non-zero response in the m03 and m30 elements can be predicted using the 

measured retardance but the magnitude of these elements is less than the 

measured PSM.  None-the-less, this result suggests that the m03 and m30 circular 

diattenuation is partially explained by a property of the vortex retarder.  Also note 

the measured elements appear slightly blurred compared to the predicted PSM.   

Figure 6-2 shows the MTF and the PTF for the 3 cases described above.  The 

results show identical performance for the predicted with ideal retardance and 

predicted with measured retardance for low spatial frequencies.  For the MTF, 

the results show that at higher spatial frequencies, the predicted with measured 

retardance is in good agreement with the measured results.  For the PTF, the 

predicted using measured retardance results show variation from ideal but do not 

necessarily match the measured results.  None-the-less the MTF results suggest 

that some of the variation in OTF between measured and predicted results are 

explained using the measured properties of the vortex retarder.  
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      (a)      (b) 

 

           (c) 

Figure 6-1:  For an m=2 vortex retarder, comparison of (a) predicted PSM using 
ideal component, (b) predicted PSM using measured component, (c) measured 

PSM 
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Figure 6-2: Comparison of measured, predicted using ideal retardance, and 
predicted using measured retardance MTF (top) and PTF(bottom) for an m=2 

vortex retarder.  

The PSM calculated from vortex retarder measurements is calculated from 

the linear retardance, the linear retardance orientation, and the circular 

retardance data. To further understand these properties, I calculated the PSM by 
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assuming ideal properties for two of the properties and then using the real 

property for the third. Figure 6-3(a) is calculated using the ideal linear and 

circular retardance but the measured retardance orientation variation. Figure 6-

3(b) is calculated using an ideal orientation and circular retardance but the 

measured linear retardance.  Figure 6-3(c) is calculated used the ideal linear 

retardance and retardance orientation, but the measured circular retardance.   

Figure 6-3 suggests that fluxuations in the linear retardance and 

retardance orientation are causing the variation from ideal PSM performance and 

that the variation in the linear retardance has a greater impact than the variation 

in retardance orientation. The measured circular retardance does not have a 

noticable impact as expected since the measured circular retardance presented 

in chapter 4 was very small.   

Figure 6-3 is based on illuminating a 25.4mm (1 inch) radius.  When the 

PSM measurements were performed, the illuminated region was closer to the 

center 2.5mm region in order to minimize the effect of aberrations. However, 

reviewing the magnified photos of the vortex retarder between cross polarizers 

and the Mueller matrix microscope images in Figure 4-2, one can identify a 

region of approximately 0.1-0.2 mm where the retardance is disordered.  To 

evaluate this region, I calculated the PSM utilizing the linear retardance, 

retardance orientation, and circular retardance calculated from the Mueller matrix 

microscope images over the central 1mm region of the vortex retarder for the 
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m=2 vortex retarder.   The retardance and orientation data is shown in Figure 6-

4(a).  Figure 6-4(b) and Figure 6-4(c) show the retardance and orientation maps 

with an aperture of 1/3mm and 1/6mm.  I also calculated the PSM for these 

cases to understand when the center region of disorientation would significantly 

impact the vortex retarder performance.   

The PSM calculations for the 1mm illumination region, 1/3mm illumination 

region, and 1/6mm illumination region are shown in Figure 6-5(a-c) respectively. 

In Figure 6-5a (1mm illumination), the calculated PSM for the m=2 vortex retarder 

is consistent with the measured PSM.  In Figure 6-5b (1/3mm illumination), the 

PSM still approximates the behavior of a vortex retarder but the ring shaped PSF 

in the m00 and m33 element is clearly distorted as well as the level of circular 

polarization (represented by the m03 and m30 elements) is clearly higher.  In 

Figure 6-5c, the PSM no longer resembles that of a vortex retarder 
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        (a)          (b) 

 

(c) 

Figure 6-3:  Impact on PSM for an m=2 vortex retarder (a) ideal linear and 
circular retardance and measured retardance orientation, (b) ideal circular 
retardance and orientation and measured linear retardance, (c) ideal linear 

retardance and orientation and measured circular retardance. 
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(a) 

 
(b) 

 
(c) 

Figure 6-4:  Linear retardance and orientation of (a) approximately 1mm center 
region of the m=2 vortex retarder (b) approximately 1/3 mm center region of the 

same vortex retarder, (c) approximately 1/6 mm center region of the same vortex 
retarder. 
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                          (a)           (b) 

 

(c) 

Figure 6-5:  Predicted PSM for an m=2 vortex retarder (a) using measured 
polarization properties with approximately 1mm center region, (b) using 

measured polarization properties with approximately 1/3 mm center region, (c) 
using measured polarization properties with approximately 1/6mm center region  
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6.1.2 Impact of Aberrations on the PSM 

To evaluate the effect of aberrations on the PSM, I calculated the PSM 

including 0.2 waves of wavefront aberration for the following: defocus, tilt, 

spherical, coma, and astigmatism.  Then I examined spherical balanced with 

defocus, coma balanced with tilt, and astigmatism balanced with defocus.  The 

balanced aberration approach for wavefront aberration analysis is described in 

[ 41].   Table 6-1 lists the wavefront aberration for each case evaluated. In the 

table, ρ is the normalized exit pupil radius and φ is the azimuthal angle in the exit 

pupil. 

Table 6-1: Wavefront Aberration Function Evaluated 

Aberration W(ρ,φ) 

Defocus Ad ρ2 

Tilt At ρ cos(φ) 

Spherical As ρ4 

Coma Ac ρ3 cos(φ) 

Astigmatism Aa ρ2 cos2(φ) 

Balanced Spherical As (ρ4-ρ2) 

Balanced Coma Ac (ρ3 -2ρ/3)cos(φ) 

Balanced Astigmatism (Aa/2)ρ2 cos(2φ) 
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Figures 6-6 through 6-13 show the PSM for the case where there are no 

aberrations compared to the case where there is 0.2 waves of wavefront 

distortion.  The order of the Figures is the same as the order of the table. 
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Figure 6-6:  PSM for m=2 vortex retarder for ideal case (top) and with 0.2 waves 
of defocus (bottom) 
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Figure 6-7:  PSM for m=2 vortex retarder for ideal case (top) and with 0.2 waves 
of tilt (bottom) 
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Figure 6-8:  PSM for m=2 vortex retarder for ideal case (top) and with 0.2 waves 
of spherical (bottom) 
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Figure 6-9:  PSM for m=2 vortex retarder for ideal case (top) and with 0.2 waves 
of coma (bottom) 
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Figure 6-10:  PSM for m=2 vortex retarder for ideal case (top) and with 0.2 waves 
of astigmatism (bottom) 
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Figure 6-11:  PSM for m=2 vortex retarder for ideal case (top) and with 0.2 waves 
of spherical balanced with defocus (bottom) 
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Figure 6-12:  PSM for m=2 vortex retarder for ideal case (top) and with 0.2 waves 
of Coma balanced with tilt (bottom) 
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Figure 6-13: PSM for m=2 vortex retarder for ideal case (top) and with 0.2 waves 
of astigmatism balanced with defocus (bottom) 
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The Figures suggest that a 0.2 waves, defocus and spherical aberrations 

have a small impact on the vortex retarder performance as does spherical 

balanced with defocus.  For a tilted wavefront, the behavior is as expected in the 

PSM has a spatial shift related to the tilt of the wavefront.  Coma has a more 

pronounced effect in that the m00 and m33 have an asymmetric intensity profile.  

The propeller shapes in m11, m12, m21, m22 elements also exhibit asymmetry in 

the shape when coma is present.   Astigmatism has a very strong impact on the 

vortex retarder particularly on the m03 and m30 elements.  Also the center of all 

the diagonal elements patterns is non-zero.  Astigmatism corrected with defocus 

has a similar PSM as astigmatism. 

The impact of aberrations on the PSM in general but on the circular 

diattenuation specifically can be understood by examining equation 6-1 for an 

aberration free system (the same as equation 3-15).   

 φ φ− = + 
im im

out in inE e R L E e L R E     [6-1] 

The phase terms indicate that the response to right circular polarized input and 

left circular polarized input will be different.  This equation is valid for an 

aberration free system.  The aberrations add an additional phase term to 

equation 6-1.  Equation 6-2 shows the output field written in terms of right circular 

and left circular inputs with the impact of aberrations included; 

 ( 2 ( , )) ( 2 ( , ))φ π ρ φ φ π ρ φ+ − −= +i m W i m W
out in inE e R L E e L R E . [6-2] 
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Figures 6-14, 6-15,  and 6-16 show the pupil maps (magnitude and phase) 

for an m=2 vortex retarder for a right circular and left circular polarized field for 

the case of no aberration, 0.1 waves of coma, and 0.1 waves of astigmatism.  

Both the coma and astigmatism are oriented along the x-axis.  The figures show 

the geometric phase variation caused by the vortex retarder and the impact on 

this phase variation by the different aberrations. 

The intensity PSF was calculated for a right circular polarized input and for 

left circular polarized input for each of the pupil maps shown in Figures 6-14 

through 6-16 by taking the Discrete Fourier Transform of the pupil functions, then 

taking the magnitude squared. The PSF's are presented in Figures 6-17, 6-18, 

and 6-19.  The difference between the two is the circular diattenuation of the PSF 

and generates the m03 and m30 elements of the PSM.   

Figure 6-17 through 6-19 are consistent with the PSM results in that 

astigmatism (Figure 6-20) shows circular diattenuation.  Coma, however, does 

not show circular diattenuation (Figure 6-18). 
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Figure 6-14:  Pupil maps of the magnitude and phase exiting an m=2 vortex 
retarder with no aberrations for right circular polarized input (top) and left circular 

polarized input (bottom).  The pupils are uniformly illuminated with helical 
wavefront aberrations 
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Figure 6-15:  Pupil maps of magnitude and phase exiting an m=2 vortex retarder 

with 0.1 waves of coma for right circular polarized input (top) and left circular 
polarized input (bottom). The coma has added a 3rd order phase variation along 

nearly horizontal diagonals. 
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Figure 6-16:  Pupil maps of magnitude and phase exiting an m=2 vortex retarder 

with 0.1 waves of astigmatism for right circular polarized input (top) and left 
circular polarized input (bottom) 
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Figure 6-17: PSF of an m=2 vortex retarder for a (top) right circular input and 
(bottom) left circular input for the case of no aberration free. 

 

 
 

Figure 6-18: PSF of an m=2 vortex retarder for a (top) right circular input and 
(bottom) left circular input for the case 0.1 waves of coma. 
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. 
 

Figure 6-19: PSF of an m=2 vortex retarder for a (top) right circular input and 
(bottom) left circular input for the case 0.1 waves of astigmatism. 

 The impact of aberrations on the MTF and the PTF was investigated for 

the case of 0.1 waves of coma and 0.1 waves of astigmatism.  These two 

aberrations were selected due to the sensitivity of the PSM to these aberrations, 

particularly the circular diattenuation.   

Figure 6-20 shows the MTF and PTF for an m=2 vortex retarder with 0.1 

waves of coma and astigmatism.  Also shown in the Figure are the values for the 

measured and the aberration free predicted results.  Figure 6-20 indicates that 

the 0.1 waves of coma and astigmatism have negligible impact on the MTF.  

However, 0.1 waves of coma has a significant impact on the PTF.  The results 

suggest that adding 0.1 waves of coma partially explain the measurement results.
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Figure 6-20: MTF (top) and PTF(bottom) comparison between aberration free 
predicted, measured, predicted with 0.1 waves of astigmatism, and predicted 
with 0.1 waves of coma for an m=2 vortex retarder with horizontal linear input 

and no analyzer. 
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6.1.3 Impact of Misalignment 

The use of vortex retarders requires careful alignment of the center of the 

vortex retarder to the optical axis of the optical system since misalignment 

reduces performance.  The PSM was calculated for an m=2 vortex retarder with 

the center of the vortex shifted from the center of the optical axis of the system 

by 1%, 5%, and 10% of the pupil radius and the results are shown in Figure 6-21.  

Figure 6-21(a) suggest that even a small amount of misalignment (1%) 

introduces measurable circular diattenuation.  As the misalignment increases, the 

changes increase.  At 10% misalignment, there is significant blurring of the PSF 

of all the elements in addition to the circular polarization present.   
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                         (a)       (b)                                                         (c) 

Figure 6-21:  Retardance orientation map (top) and PSM (bottom) for an m=2 vortex retarder shifted from the 
center by (a) 1%, (b) 5%, and (c) 10%
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6.1.4 Summary 

I investigated three causes for degredation of the PSM; (1) the variation in 

the properties of the vortex retarder from that of an idea vortex retarder, (2) 

aberrations in the PSM measurement optics, and (3) misalignment of the center 

of the vortex retarder with the axis of the optical system.  The primary result was 

non-zero response of the m03 and m30 elements of the PSM or circular 

diattenuation.  All three factors investigated caused circular diattenuation.  Thus, 

any of the three factors could be significant in the use of photo-aligned LCP in 

applications using vortex retarders.   

The actual cause of the measured variation in the PSM from the ideal 

performance is likely a combination of the three factors.  The vortex retarder 

measured is not an ideal vortex retarder.  There are aberrations in the 

measurement system because during the experiment, we stopped the system 

down to minimize the impact of these aberrations.  Additionally, the PTF of coma 

has curvature which partially explains the measured results.  Lastly, it is likely the 

center of the vortex retarder was slightly misaligned with the axis of the optical 

system.  The illumination radius was approximately 1.5mm and 1% of this value 

is 15µm.  A 1% misalignment causes a small amount of circular diattenuation.
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6.2 Limitations of Approach 

This section discusses the limitations and consequences of photo-aligned 

LCP for use as a vortex retarder.  One class of limitations would be present in 

vortex retarders regardless of the technology used to make the component.  The 

second class is specific to the photo-aligned LCP approach.   

The limitations that are specific to the use of photo-aligned LCP are related 

to its material properties and the size of the central region of disorientation.  Our 

analysis indicates that the primary material property variation that impacts the 

performance is the variation in the orientation and the retardance.  The predicted 

impact of these is small therefore, components made using photo-aligned LCP 

can be made at sufficient retardance and orientation tolerance such that this is 

not a limitation up to the m=3 component.  The central region of disorientation is 

not a limitation until the illumination size is smaller than 1/3mm since the 

disorientation region is approximately 0.1mm.  Therefore the limitation on 

illumination size for this technology is approximately 3X the region of 

disorientation.   

The effect of aberrations or the effect of misalignment of the center of the 

vortex retarder with the axis of the optical system on the PSM is not specific to 

the use of photo-aligned LCP.  These factors do, however, create general 

limitations.   Based on the analysis in section 6.1, the PSM is very sensitive to 

certain aberrations, particularly astigmatism where as 0.1 wave of astigmatism 
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causes a significant amount of circular diattenuation.  The PSM is sensitive to 

coma but the effect is increased if tilt is used to balance the coma.  The PSM is 

also very sensitive to misalignment of the center of the vortex retarder.   

Several other factors are important in using photo-aligned LCP as a vortex 

retarder.  The first is the ability for a polymer material to withstand high light flux.   

The second is the scattered light from the material.   

Since the material is a polymer material, the region over which the material is 

transparent or maintains birefringence is limited to visible and near IR 

wavelengths.    LCP materials have been shown to withstand high intensity light 

flux for display applications [42].  When the appropriate UV filters are used, the 

LCP material can withstand more then 20,000 hours mean time to failure (MTTF) 

at 45 deg C.  For laser applications, the laser induced damage threshold at 20ns 

pulses is approximately 100 mJ/s.  Polymer materials typically have higher 

scatter than inorganic materials.  The scatter for LCP materials measured by 

taking the difference between an integrated transmission measurement and a 

specular transmission measurement approaches 200 ppm (0.0002%).  Therefore, 

the scatter is relatively low but still could present issues in certain applications. 
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7.0  CONCLUSION 

This dissertation addressed the creation of space variant polarization 

states and their application to optical vortices.  Pupil engineered polarization 

vortex beams play a vital role in many emerging optical systems.   The intent of 

this dissertation was to demonstrate the creation of a vortex retarder using photo-

aligned LCP.  This was done by producing retarders for m=1, 2, and 3 vortex 

modes and at 550 nm with a single element.  These elements were analyzed by 

measuring the space variant Mueller matrix of each component. The viability of 

these components was assessed by measuring the PSM and OTM and 

comparing these to theoretical calculations.  

The concept of making these vortex retarders was to spin-coat the photo-

alignment layer onto a substrate and then expose the alignment layer through a 

narrow wedge shaped aperture located between the substrate and the polarizer.  

Both the polarizer and the substrate were continuously rotated during the 

exposure process in order to create a continuous variation in photo-alignment 

orientation with respect to azimuthal locations on the substrate.  The desired 

vortex retarder modes were determined by the relative rotation speeds.  The LCP 

precursor was then spin-coated and subsequently polymerized using a UV curing 

processes.  The orientation of the LCP is set by the orientation of the alignment 

layer.   
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The measurements presented in chapter 4 demonstrated that the vortex 

retarders produced are half wave plates with a continuous fast axis orientation.  

The continuity of the fast axis orientation was seen at both 0.5mm and 10µm 

resolution.  Measurement of the center region of the vortex retarders suggests 

there is a 100-200um region of disorientation.  At 0.5mm resolution, the center 

region shows circular retardance but at 10mm resolution, this is not observed.  At 

0.5mm resolution, I observed a high depolarization index in the center of all three 

vortex retarders.  At 10µm resolution, the DOP was low in the center for a 

horizontal linear polarized input field but remained high for circular polarized input. 

To measure the PSM, we used the same system as was used to measure 

the optical properties of the vortex retarder except the camera was focused on 

the image of a 10µm point source.  The agreement between the measured and 

predicted PSM was excellent.  The major difference was the non-zero response 

in the m03 and m30 elements which suggest circular diattenuation and circular 

polarizance.  The PSF as a function of wavelength showed that at 400mm, where 

the retardance was small, the PSF was close to that expected by a system 

without a vortex retarder.  At 550nm, where the retardance was close to a half 

wave, the PSM behaved as predicted with a vortex retarder.  At 700nm, where 

the retardance is approximately 120 degrees, the PSM exhibits a combination of 

the two responses.  The comparison of the measured and predicted intensity 

PSF indicated an excellent match for the case where the system has no analyzer, 

a horizontal linear analyzer, and a vertical linear analyzer.  The OTF and PTF 
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comparison between measured and predicted indicate an excellent quantitative 

match at lower spatial frequencies and a good qualitative match at higher spatial 

frequencies. These measured results confirm that vortex retarders made using 

photo-aligned LCP can be used in an optical system.  Measured results suggest 

that vortex retarders produced using photo-aligned LCP will produce near 

theoretical performance in an optical system.   

Three factors responsible for the variation between measured and 

predicted performance were the variation in the properties of the vortex retarder 

from that of an idea vortex retarder, aberrations in the PSM measurement, and 

misalignment of the center of the vortex retarder with the axis of the optical 

system.  The actual cause of the measured variation in the PSM from the ideal 

performance was likely a combination of the three factors.  The vortex retarder 

measured is not an ideal vortex retarder and therefore this factor must contribute 

to the variation from predicted performance.  I concluded there were aberrations 

in the system and that this caused some of the variation.  Lastly, given the small 

illumination region, there is a strong possibility that the center of the vortex 

retarder was slightly misaligned with the axis of the optical system.   

While this dissertation has demonstrated that the use of photo-aligned 

LCP is a viable approach for making vortex retarders, there are several topics 

that should be addressed in future research.  First, I only studied up to m=3 

vortex retarders.  I expect that modes much higher than this could be 
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successfully produced but this will need to be demonstrated.  Second, the 

limitations in the basic material properties of scatter and laser induced damage 

threshold should be studied further.  Many applications require low scatter and 

high laser flux.  It is important to understand the limits of this technology for these 

properties.  Lastly, while I expect the vortex retarders will perform well in high NA 

systems based on the excellent agreement between predicted and measured 

PSM for low NA systems; this will need experimental verification.  

Example applications of the vortex retarders were described in chapter 1 of 

this dissertation.  The experimental results presented in this dissertation suggest 

that the vortex retarder would be suitable for these applications.  However, there 

are additional applications not mentioned which could be enabled by this 

approach and could also be topics for further development. 

One such application would be to spin the vortex retarder about the center of 

the vortex.  It is well known that spinning a half wave plate causes an optical 

frequency shift where the frequency shift is related to the angular velocity of the 

component [43].  This change in frequency is related to the change in the fast 

axis orientation as the component rotates.  In the case of a vortex retarder, the 

fast axis orientation changes spatially so that the rate of change of the fast axis 

as the component rotates can be increased by a factor related to the mode of the 

vortex retarder.  This will cause a gain in the frequency shift.  Normally, to 

increase the frequency shift, additional components are required.  However, with 
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this approach, an increase in the frequency shift could be accomplished with 

increasing the mode of the vortex retarder. 

Another application would be to use an array of vortex retarders.  Arrays of 

optical vortices have been proposed as a means to transmit information via the 

mode (or charge) of the vortex [45]. Information contained in the optical vortex 

can be transmitted over large distances. Spiral phase elements are used to 

create the different vortex modes.  However, with this technology, arrays of 

polarization vortices could be produce.  

Several approaches could be used to manufacture arrays of vortices.  The 

simplest would be to simply use a photo-align using our current approach then 

step and repeat.  The limits on the size of the vortex elements and the pitch 

would need to be investigated further.  Another approach would be to use a 

holographic method to create polarization fringes.  This approach has been 

demonstrated by Eakin and Crawford for arrays of m=1 vortex retarders [46]. 

In summary, this dissertation has shown that the use of photo-aligned LCP 

can be used successfully as a vortex retarder.  The orientation is continuous and 

the retardance is uniform.  The performance of vortex retarders produced using 

photo-aligned LCP qualitatively approximates that of an ideal vortex retarder 

(based on the PSM measurements) and quantitatively approximates ideal at low 

to moderate spatial frequencies (based on OTM measurements).  Our analysis 

suggests that a small amount of the variation from ideal is due to the variations in 
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the polarization properties and the impact of the center region of disorientation.  

The rest is due to aberrations and small misalignments in the measurement 

system which can be corrected in an optical system. 
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