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Polarization analysis was performed on AT&T photonic switching network,

iteration 3, and several improvements to its existing design were discovered.

We discovered that replacing several linear retarders with circular retarders
improved the off axis performance.

A high precision single channel polarimeter was constructed to supplement
data obtained from the imaging polarimeter.
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Executive Summary

1 The Executive Summary-provides a brief synopsis of the contents of AFOSR Final Report,
-I Analysis of Polarizing Optical Systems for Digital Optical Computing with Symmetric Self

Electrooptic Devices, contract #AFOSR-89-0542.

I This research was motivated by the need to develop appropriate metrology to study the
propagation of polarized light in optical interconnects such as the AT&T digital optical
computer architectures, and to adapt polarization aberration theory and polarization ray
tracing, to understand new classes of problems arising in optical systems for digital optical
computing.

An imaging polarimeter has been built and calibrated at UAH under this contract. This
imaging polarimeter measures polarization properties of a set of ray paths through optical
systems and subsystems. The output is a Mueller matrix image, a spatial representation of
the polarization properties across a wavefront, typically as a function of field of view or
pupil coordinate. The imaging polarimeter provides performance measures of
polarization components. because it provides polarization images over a wavefront, the
imaging polarimeter presents anunprecedented view of what occurs during the alignmentI of optical and polarization components. With an imaging polarimeter, one can
simultaneously balance the transmitted polarization between the top and bottom, left and
right sides of L-wavefront as one rotates, tilts, or otherwise adjusts polarization
components.. Using this technique, 0.1 alignment error in a quarterwave retarder has been
resolved. Phase measuring interferometry in real time had a similar impact on optical
alignment. Appendix A contains a paper, "Imaging polarimeters for optical systemmetrology," which details the construction and operation of the imaging polarimeter.

The most important study performed under this contract with the imaging polarimeter was
a comparison between commercially available polarizing beam splitters, specifically to*1 determine their suitability for optical.interconnects. Large differences in performance
were observed between polarizing beam splitters; most of the cubes polarizing properties
were surprisingly poor. Appendix B, a copy of a'paper submitted to Applied Optics,
summarizes this effort.

A polarizedspherical wave exiting a polarizing beamsplitter has an orientation of linear
polarization which rotatesfrom top to bottom, a form of polarization aberration. Thispolarization aberration has been carefully documented, experimentally and theoretically.
The variation of orientation of linear polaization results when the angle of incidence lies
outside the normal plane (the plane contaiing the face normals and interface normal,
usually a horizontal plane when incident and exiting beams are parallel to an optical table).
Figure 1, on the next page, shows the polarization aberration of a horizontally polarized
spherical wave focused through a polarizing beam splitter. A fraction of each ray incident

Im out of the normal plane is reflected, due to the rotation of the plane of incidence rays
within the spherical wave make with the beam splitting interface, causing a rotation.of-the.______
linear polarization direction. __
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Figure 1 Polarization aberration introduced into a converging spherical wavefront transmitted through an
ideal polarizing beam splitter. A uniform horizontally polarized (within the plane of the page) spherical w is
incident. The transmission axis of the polarizing beam spitter cube is aligned with the p direction a ray makes
with the beam splitting interface which varis with ray angle of incidence, causing apodization and a spatially
varying orientation of linear polarization in the transmitted wavefront. The polarization of the incident
spherical wave is illustrated in Figure la and the transmitted wavefront is shown in Figure lb.I
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Figure 2 shows how a polarizing beam splitter situated between image planes at infinite
conjugate, sifflar to many optical interconnects configurations, introduces a
non uniformity of intensity in the image plane and a spatial variation of linear polarization
across and-image. Polarization no;i-uniformity in the image can reduce the efficiency and
throughput of optical interconnects, giving rise to extraneous beams at successive
polarization beansplitters. The spatial variation of linear polarization states must be
compensated for to allow efficient transmission or reflection at subsequent polarizing
'beam splitters.

Our analysis of iteration 3, the latest iteration, of the AT&T Photonic Switching Network,
uncovered ways to improve the efficiency of polarization optical interconnects. This study
proceeds from the supposition that polarizing beam splitters provide the most efficient four
port access to the s-SEED, an assumption supported by research described in References
[11][12][13][I43. A polarizing beam splittar cube has a spatially varying orientation of
linear polarizaticn eigenstates. The goal of this research was to choose polarizing elements
and to position tht:!n to transform the polarization state of the beams into the correct
orientations of linear polarization to match the polarization eigenstate d'rections at each
polarizing beam splitter cube. Existing architectures utilize quarter wave retarders to do
this. The-design is successful foi-beams that propagate within the normal plane of the
polarizing beam splitter. Outside the normal plane, however, the beams are not rotated
into the correct linearpolarization state to align with polarization eigenstate directions at
the polarizing beam splitter. The-misorientation of the linear polarization to the
polarization eigenstate directions of the polarizing beam splitter cubes causes a fraction of
the beams tobe routed incorrectly. Our research shows that at certain locations in the
optical interconnect, the linear quarterwave retarder can be replaced with a circular
quarterwave-retarder to manipulate the linear polarization directions of the beams to align
with the polarization eigenstate directions of the polarizing beam splitters. We have
suggested replacing several quarterwave linear retarders with circular retarders and have
suggested that half wave retarders be inserted in certain locations to manipulate the
polarization aberration so that it increases the efficiency of the optical interconnects for
beams out of the normal plane.

Two configurations of a-polarization beam combining module, one of the principle
configurations for polarization based optical interconnects, are shown in Figures 3 and 4.
The existing configuration, shown in Figure 3, uilizes a quarterwave retarder, QWR2, in
double pass to convert the linearly polarized light transmitted by the polarizing beam
splitter (horizontal) into linearly polarized liHt which will be reflected by the polarizing
beam splitt.r (vertical). The orientation of linear polarization after the second pass
through QWR2 does not match-the polarization eigenstate directions of the polarizing
beam splitter for reflection, compare Figures 3,11and 3,V. The polarizing beam combining
module'shown in Figure 4 Utili , a circular retarder, CR1, in place of QWR2, resulting in
a spatially vaxying polarization-eigenstates which match the polarization eigenstate
directions-of the polarizing beam splitter cube, increasing the efficiency of the polarizing
beam combining module. Circular retarders, ra-!her than linear retarders, help keep light
in .he correct eigenstates, and minimize losses.
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Figare 2 Polarization variation and intensity non-uniformity introduced into an image by an ideal polarizing
beam splitter. An ideal polar-zing beam splitter is situated .in collimated space between conjugate imaage planes.

The intensity non-uniformity and polarization variation of the image is due to the varying onent a on op p

direction each object beam encounters at the beamsplitting interface. The object polarization directions are
shown in Figure 2a and the image polarization directions are shown in Figure 2b.
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Figure 3 Graphical polari. 7fion .alysis of a polarizing beam co9binin module which utilizes a polarizing
beam splitter and a quartexwave linear reta,:der- Figre I illustrates the eigenpolarization directions of the
polariing beam splitter cube in transmission, and Figure II shows the eigenpolarization directions in reflection.
Figures H through VI illu~rate the larization changes before and after transmission or reflection from the
polarizin beam splitter. The role o the quarterwave retarder in this configuration is to rotate the orientation

linear ola'ization of the beams transmitted from the polarizing beam splitter, depicted in Figure IV, into the
eigonpolanzation directions of PBSI in reflection, illustrated in Figure II. The quarterwave retarder does not
rotate the object beams polarization directions, for which y#O, into the correct orientation, causing a fraction of
the beams to be reflected by PBS1 in second pass.
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Figure 4 Graphical polarization analysis of a polarizing beam combinin u s a polarizing
beam splitter and a circular retarder. Figure I illustrates the eigenpolarization directions of the polarizing beam
splitter cube in transmission, and Figure II shows the eigenpolarization directions in reflection. Figures III
through VI illustrate the polarization changes before and after transmission or reflection from the polarizing
beam splitter. The role of the circular retarder in this configuration is also to rotate the orientation of linear

*l polarization of the beams transmitted from the polarizing beam splitter, depicted in Figure IV, into the
eigenpolarization directions 6f PBS1 in reflection, illustrated in Figure II. The circular retarder rotates all the
object beams polarization into the correct eigenpolarization directions of PBSI in reflection, allowing all the
energy to be reflected by PBS1 in second pass.
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I
We will continue todevelop general design strategies to boost the performance of various
optical interconnects based on polarization beam combining. From the polarization
modeling we would like to develop further the formalism to-analyze a broader class of
polarization based optical interconnect architectures. The unique nature of these systems
require novel analysis methods. From the analysis studies, a set of design rules for
implementing polarizing optics in polarization based 6pticalinterconnects will be

Effective use of these polarization configurations requires tools like the
imaging polarinmeter for alignment.

A highly accurate single channel polarimeter has been constructed to make high precision
polarization measurements of thin films liquid crystals, uniaxial and bi-axial crystals and
polarizers. The single channel polarimeter will measure depolarization, the polarization
scrambling of light, diattenuation, retardance and complete Mueller matrices of samples
with a single beam. The single channel polarimeter will also be used to calibrate polarizing
optics for the Imaging polanmeter.

I Error analysis due to polarimeter misalignment and retardance error in the polarizing
elements has been included in the data reduction algorithms. Errorsin the retardance and
orientation of the retarders in the Imaging Polarimeter produce large errors in the
measured Mueller matrix. For example, misorientation of 1" in a retarder can produce a
30% error in one of the Mueller matrix elements. The data reduction algorithms include
error correction terms to compensate for these errors.

More work is needed to increase the accuracy of the imaging polarimeter. Presently, the
accuracy is limited by the 8-bit A-D conversion of the ccd detector. We plan to increase
the accuracy of the imaging polarimeter by u grading to a scientific grade Photometrics ccd
detector array with 12-bit A-D conversion. e uprade will increase the accuracy by a
factor of ten, allowing the verification of polarization aberration theories, measurement of
small polarization effects such as depolarization, and accurate measurement of several
interesting and scientifically valuable samples, optical systems and subsystems.
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1. Background on Digital Optical Computers

The research described in this report involves the polarization analysis and metrology
of polarization based optical interconnects, the foundation of an architectural approach to

optical computing pursued by AT&T Bell Labs. AT&T optical computing designs make
use of 2-D arrays of SEED modulators interconnected in free space. SEEDs and related
electrooptic devices have been proposed as potential components of free space digital

optical computers because of their bistability, high speed, and low switching power.1-5

SEEDs or self electrooptic effect devices exploit the quantum confined Stark effect in

quantum well materials to produce optical bistability. 6,7 One version, the symmetric

SEED or s-SEED, contains two SEEDs connected together across a fixed voltage, Figure 1
8. In this configuration, the s-SEED is optically bistable with two states, (1) SEED 1 is
highly reflecting and SEED 2 is poorly reflecting, and (2) SEED 1 is poorly reflecting and
SEED 2 is-highly reflecting. The device has time sequential gain, such that the state of the
device can be set with low power beams, and read out subsequently with high power beams.
Because the device operates on the ratio of reflectances, it is insensitive to optical power

supply fluctustions if both beams are derived from a single source. The s-SEED is
i especially promising for digital optical computing applications because it has good

input/output isolation being time sequential. It does-not require the critical biasing
required of most bistable devices.

Spatial light modulators, optical dynamic memory5, all-optical shift registers9, and
optical set-reset latcheo have been demonstrated using arrays of s-SEEDs10 . Optical
systems which compute or perform interconnections using arrays of s-SEEDs have been
proposed and are under construction 1 - 12. The focus of our studies have been on3 massively parallel optical processors constructed from interconnected or cascaded optical
logic modules (COLM). This method of interconnection is based on the use polarizing

elements and lenses. The polarization/lens based system allows efficient interconnections
between devices. 11 These COLMs can be interconnected to form gates, adders,
programmable logic arrays, and other components of conventional electronic computers.

Figure 2 is a schematic of a single COLM. The section of the COLM shown separately in
Figure 3, is used to clear the s-SEED array. The COLM reads out the s-SEED array,

operates on the information, and passes data to another COLM, where another s-SEED
array is set. This system has been constructed at AT&T Bell Laboratories. Operational
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details of this optical system are available in References 13,14.
The Cascadable Optical Logic Module depends on the control of polarized light for

its operation. If careful control of polarization is not maintained, separate beams will not
be properly:.combined.and-the.computer. becomes unreliable.. The. optical interconnects
have-large numbers of-retarders and polarizing beansplitters to permit separate beams
carrying digital-information to be combined and address the appropriate quantum wells on
the-s-SEED.

Polarization based optical interconnect architectures suffer from substantial amounts
of-instrumental polarization, the polarization properties associated with ray paths through

the-system. The polarizing beams splitters ar responsible for the majority of the
instrumental polarization. Thisresearch includes studies done on polarizing beam splitter

cube properties to understand how they contribute to instrumental polarization. Two
properties of-polarizing beam splitters contribute significant instrumental polarization: (1)3 the polarizing beam splitter cube beamsplitting interface often displays strong angular
dependence ofs and p transmittance and reflectance, (2) the angular orientation, relative

3 toa global coordinate system,-of the s and p directions (linear polarization directions)
depends on-ray angle- of incidence. The first property, the angular dependence of s and p

- transmittance-and reflectance, can be optimized with multilayer design techniques. 15,16

The-second propertyis due to-theegeometry of the cube. The polarizing axes of the
_ polaizing beam splitter are aligned-with the p direction a ray makes with the beamsplitting

interface in transmission, and-he-S direction in reflection. The angular orientations of s
andp, however, depend on the-angle of incidence of the ray, causing a angular3 nonuniformity of linear polarization direction. Analysis and measurements made with the
Imaging Polarimeter-on polarizing beam-splitters are detailed in "Angular dependence of3 Polarizing-beam-splitters," submitted to Applied Optics, attached to the end of this report.

- -Quarterwave-retarders were analyzed and measured with the Imaging properties.
Qtatt; zero-order-quarterwave-retarders display a much larger angular bandwidth than
the:polarizing beam splitters. However, several properties can degrade their performance,
such as crystal axis-misorientation, thickness variations, and misalignment of the fast axis in

i|_ the optical system.

e The first half of this report analyzes optical interconnect architectures, and
suggestions-for improvements to existing architectures. The second part describes the
instrumentation-developed for metrology of polarizing optical systems, and measurements.

4
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Sections 2.1 and 2.2 provides polarization analysis on the polarizhig components of

polarization based optical interconnects. Section 2.3 models the polarizing properties of
Iteration 3 Photonic Switching Network, and makes several suggestions to improve its off

axis efficiency.
The major thrust of this research has been in the development of polarimetric

instrumentation to measure the polarizing properties of polarization based imaging

systems. The motivation for the development of this instrumentation was the need for a
metrology tool to study the large instrumental polarization of polarization based optical

interconnects. Before this research, the needed instrumentation did not exist. Section 3
describes the Mueller Matrix Imaging Polarimeter, built and calibrated under this contract,
which measures polarization for a set of ray paths through an optical system, i.e., it

measures the Mueller matrix of the system as a function of object or pupil coordinate. The
Mueller matrix provides information about the diattenuation and retardance over the pupil

or field of view.
Section 4 introduces a closely-related instrument, also developed under this contract,

a Stokes Imaging Polarimeter which measures polarization properties across a wavefront.
The output of this instrument supplements information about a wavefront obtainable by
from interferometry (wavefront error), it measures the polarization content of a wavefront.
Both interments are configured to operate at 633nm and 850nm, the operating wavelength

of s-SEED's.
A third instrument was developed to support the first two, a single channel

polarimeter. The function of this polarimeter is to align the polarizing optics of the
Mueller matrix imaging polarimeter and the Stokes imaging polarimeter. Section 5
provides a brief description of single channel polarimeter and describes the alignment
procedure for the polarizing optics.

Section 6 discusses the calibration issues involved in building the imaging

polarimeters. Finally concluding remarks are provided in Section 7.

I5



2. Polarization Modeling of Polarization Based Optical Interconnects

-I This section develops the field of view polarization properties of a single module of

the AT&T Iteration 3 Photonirc.Switching Network. First-we describe the angular

polarization behavior of the polarizing elements, the polarizing beam splitters and the
quarterwave retarders. Next we formulate a polarization model of a single stage of the
Photonic Switching Network, and make suggestions to improve its efficiency. The
analytical approach used here can be applied to other AT&T polarization based optical

3 interconnects.
2.1 Field of view effects of the polarizing beam splitters

This sectioi escribes the field of view properties of polari7'ng beam splitter cubes.

The work presented here helps develop the polarization analysis of the Photonic Sw.tching
Network in Section 2.3. A more thorough treatment of polarizing-bdm splitters, along
-with measurements made with the Imaging Polarimeter are given-;n "Angular dependenice

of polarizing-beam splitter cubes," submitted to Applied Optics. in Appendix B.

An ideal polarizing beam splitter cube divides the incident light into s and'p3polarization states, transmitting the p polarized component and reflecting the s polarized
componenT. Polarizing beam-splitters have a limited range of angle of incidence and
wavelength for which they are effective. Polarizing beam slitters sold through catalogs are

optimized to provide a large spectral range within a small angular field of view. Optical

computing architectures typically require the opposite, i.e., a widz ield of view with

I quasimonochromatic light.
The angular performance of the polarizing beam splitter depends on two factors:3 1. The transmittance and reflectance of s and p polarization states,

2.The dependence of s and p angular orientations on angle of incidence.3 Research has been done to increase the angular range for which p transmittance and
s reflectance remain high.15f1 6 AT&T Laboratories has designed a polarizing beam3 splitter to provide a *7° FOV. Tests performed at AT&T and at UAH agree with
predictions of the design. UAH measurements on the AT&T polarizing beam splitter,
along with measurements on three other commercially available polarizing beam splitters

3 are presented in the above referenced paper.

The geometry of the polarizing beam splitter causes a spatially varying orientation of

*6



linear polarization in transmitted and reflected wavefronts. The orientation of linear
polarization transmitted from a polarizing beam splitter j- dependent on the ray angle of

incidence. For a spherical wave of unpolarized light is incident on a polarizing beam
splitter, the reflected and transmitted beams have a spatially varying linear polarization.
Since the orientation of the pine of incidence a ray makes with the beamsplitting interface
depends on the angle at which the ay is incident i.e., the s and p directions depend on ray

angle of incidence. Since the orientation of linear polarization of a polarizing beam splitter
aligns with the p direction in transmission and the s direction in reflection, the orientation3 of, lnear polarization of a polarizing beam splitter is a function of ray angle of incidence.
Figure 4 introduces a coordinate system for describing polarizing beam splitter cubes. The

origin is centered on the ent" nce face with the z axis normal to the face. The beam

splitting interface normal lie: in the x-z plane and is 450 from the z axis. The direction of
an incident ray is specified by its direction cosines (1, m, n) where L = cos at, m = cos 3 and

n = cos Y and I+ m 2 +n2 = 1. a,(3, andy are illustrated in Figure 4. For incident rays
with j3 = 900, the p direction is parallel to the x-z plane (we will refer to this as the

horizontal plane) and the s direction -ligns with the y-z plane (vertical). For angles of
incidence in which 3 > 90', the p plane rotates counterclockwise with the respect to the
horizontal, while for 13 < 900 it rotates clockwise. Figure 5 illustrates~the orientation of s

and p directions-as functions of the direction cosines of the incident rays. In Figure 5, a
increases from 900 in the positive x direction and 3 increas..s from 90 in the positive y
direction. The thin cross-hairs are parallel with the horizontal and vertical planes (x-z and
y-z planes in Figure 4). The large circles indicate the zones where the angles of incidence

are y = 50 and y = 100. The angle 4 is the angle between the p direction and the

horizontal x-z plane.
I 3In Section 2.3 we explore how the variation of orientation of linear polarization

degrades the performance of an optical interconnect. Methods to correct the degradation
I of the Photonic Switching Network off axis efficiency caused by this effect are.described.
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Figure 4 Geometry of a polarizing beam splitter. Side (a,b,c,d) is the entrance face.(a,e,g,d) is the bean splitting interface. The transmitted beam exits the face (fe,g) whilethe reflected light exits at (b,e,g,c). An incident ray is identified by its direction cosines(. m.a) defined as =cosa,m =cosP. andn=cosy. cxis the angle between the x axisand the ray. 13 btween the v axis and the ray, y between the z axis and, 'f ray. We refer tothe x-z plane as the horizontal and the y-z plane is vertical. The origint r the x-v-zcoordinate svstem.is located at the center of the entrance face. The cube ;- placed in theimaging polarimeterwith the horizontal plane parallel to the tab. -op.
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IFigure 5 Orientation-of the s and p directions- on -the beamsplitting interface of apolarizing beam splitter plotted as a function of beam angle of incidence on the cube face.3 The orientation of-the beam splitting interface is shown in Figure 1. Figures 1 and 2 sharethe-same coordinate system. a increases from 90* in the positive x direction. 13 increases
from 900 in the positive y, and the large circles indicate the zones where the angles of3incidence are y - 50* and y = 10"*. Incident rays for which P3 > 9Q0 *involve a
counterclockwise rotation of s-p coordinates and rays in which 0 < 90' the rotation is
clockwvise. The polarizing axis is parallel to the p direction in transmission and the s
direction in reflection. Polarizing beam splitters have a spatially varying orientation of
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2.1.1 Throughput of a COLM as a function of transmittance and reflectance from the
polarizing beam splitters

Figure 6 is a plot of the fraction of light transmitted through a Cascadable Optical
Logic Module-as.afunction of thetransmittance.of the polarizing beam splitters

(reflectance of the polarizing-beam splitters are assumed to be 1). For this analysis, the
transmittance of each of the polarizing beam splitters varies by the same amount. The light

is transmitted through polarizing beam splitters 4 times and reflects 6 times (see Figure 2).
The efficiency of the COLM strongly depends on the transmittance of the polarizing beam

splitters. If the transmittance of the polarizing beam splitters is reduced to 75%, the
efficiency of the COLM is reduced by a half. The dependence is nearly exponential.

Figure 7 shows the fraction of light transmitted through a Cascadable Optical Logic

Module as a function of the reflectance of the polarizing beam splitter cubes while the
transmittances are held fixed at 1. The COLM throughput is more sensitive to variation of

reflectance of the polarizing beam splitters than transmittance because more reflections

occur. If-the reflectance of the polarizing beam splitters is reduced to 75%, the efficiency3 of the COLM approaches 0.
The energy lost takes the wrong direction at the polarizing beam splitters, the beams3' are transmitted when they should reflect or the beams are reflected when they should be

transmitted.

I 2.2 Field of view effects of the retarders

Several characteristics of birefringent retarders introduce polarization aberration in
polarization critical systems. First, the thickness of the birefringent material may be wrong

or wedged, yielding an incorrect or spatially varying retardance. The crystal axis can be3 misoriented relative to the faces or the mount. The retarder can be misaligned in the

-optical system, either tilted or with its fast axis at the wrong orientation.3I Three other problems with retarders are more fundamental, angular field
dependence, diattenuation, and birefraction.

- The angular dependence of a uniaxial crystal is illustrated in Figure 8. For a crystal

axis in this orientation, two effects influence its retardance. First, the difference between
the extraordinary and ordinary refractive index, or birefringence, decreases quadratically

with increasing field angle. This property decreases the amount of retardance the crystal

displays. The second effect increases tends to offset the first effect somewhat. This effect

I
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Figure 6 Fraction of transmitted light through a Cascaddable Optical Logic Module,
olotted as a function of the transmission coefficients of the polarizing beam splitter cubes.
The transmission coefficients of the each of the polarizing beam splitters were varied by
the same amount, while the reflection coefficients were held at 1.
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i Figure 7 Fraction of transmitted light through a Cascaddable Optical Logic Module.
plotted as a function of the reflection coefficients of the polarizing beam splitter cubes.
The reflection coefficients of the each of the polarizing beam splitters were varied by the
same amount, while the transmission coefficients were held at 1.Il 11
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increases-the retardance simply due to the increase in the physical path length with angle.
Figure 9 shows the variation in retardance with field angle in quartz linear retarder.

The crystal axis is aligned to the 9 axis. Shown is one quadrant with the lower left

corresponding to a ray at normal incidence, and the angle of incidence increasing along the

.Z and 9 axes. By symmetry, it is only necessary to view the angular dependence in one
quadrant. For an ideal quarter wave retarder, about a 1% variation of retardance is found

over a 10 degree field of view. The field of view dependence of quartz quarter wave
retarders should not contribute significant errors into AT&T digital optical computing

architectures.
Figure 10 contains a plot of the Mueller matrix as a function of angle of incidence,

taken with the UAH Imaging Polarimeter over a -6° FOV, of a visible zero-order quartz

quarter wave retarder at 633nm. Each of the Mueller matrix elements are shown and
labeled except m 11, since we normalize by n I (see Section 3.2). The data of interest lie in

the central circular portions. The center of each of the plots, represents an axial ray, and
the angle of incidence increases in the radial direction out to 6 'in each direction. The

retarder displays a uniform retardance, within 1%, over the 6 field of view.

3 2.2.1 Orientation error in the quarter wave retarders

*I An analytical study has been done to determine the loss of efficiency of the COLM

due to misorientation of the quarter wave retarders. Figure 11 shows the percent

transmission of light that remains in the correct polarization state as a function of

orientation error of the quarter wave retarders. Each retarder received the same amount

of orientation error. The percent transmission refers to the percentage of light emitted

Il from the laser diodes that travels through the entire COLM to the next COLM, assuming

ideal quarterwave retarders and polarizing beam splitter cubes.

2.3 Polarization analysis of Iteration 3 Photonic Switching Network

Iteration 3 Photonic switching Network utilizes a polarization based imaging system

to interconnect 2-D arrays of optical logic devices. It uses polarizing beam splitters,

3l quarter wave retarders and patterned reflectors to interlace input beams onto a modulator

and separate output beams reflected from the modulators. Each beam must pass through

* 13
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Il Figure 9 Variation of retardance of a quartz quarter wave retarder. The crystal axis is
aligned with the v axis. At 0 ° angle of incidence the retardance is a quarter wave. The3 variation of retardance is less than 1% over a *10° FOV.
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polarizing beam splitters 6 times, quarter wave retarders 10 times and change polarization
state 14 times.

Figure 12 shows the configuration of the Photonic Switching Network. The line
indicates the path of light propagation. The desired polarization changes of the beam are
indicated on the drawing. H indicates horizontal polarization (within the plane of the
page), Vindicates vertical polarization, and R and L indicate right and left circular
polarization. The path analyzed is as follows: from the binary phase grating the beam
passes through a space of the patterned reflector, through the polarizing beam
splitter/quarter wave retarder combination onto the s-SEED in module 1. After reflecting
off the s-SEED it reflects off the polarizing beam splitter toward the interconnection unit.
The beam reflects off the plane mirror into the interconnection unit and the polarizing

beam splitter divides the beam into two equal amplitudes in orthogonal directions. Half
the amplitude passes through the polarizing beam splitter-to the plane mirror and half
reflects toward the retro-reflector. The beam which reflects to the retro-reflector is flipped
about the vertex of the retro-reflector and passes back through the polarizing beam splitter

into the next -module. Both beams either transmit or reflect from the polarizing
beamsplitter and reflect from the patterned mirrors shown and are imaged onto the
s-SEED in module 2.

Our analysis was done over a *10° field of view. The assumptions are as follows:
1. The beams are uniformly circularly polarized at the first patterned reflector.
2. The quarter wave retarders have exactly a quarter wave of retardance.

3. The-retardance varies insignificantly over the *1o[EQUATION] field of view. (Section
2.2 supports this assumption).
4. The polarizing beam splitters transmit 100% p polarization and reflect 100% s
polarization for all angles of incidence. This assumption is also made to simplify
interpretation of results and can be readily generalized to the non-ideal case.

Figure 13 shows a chief ray path through this portion of the Photonic switching
Network (Iteration 3). The patterned reflectors, mirrors, retro-reflectors and modulators
are situated in image planes. The polarizing beam splitters and quarter wave retarders are

positioned at or near the pupils. Since the system is doubly telecentric and the image
planes are at infinite conjugates, the beams are collimated when they reach the polarizing
beam splitters and quarter wave retarders. It is therefore sufficient to trace a set of chief
rays through the system to characterize the polarizing behavior associated with each beam.
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The polarization ray trace begins at the first pattern reflector and ends at the s-SEED
array in Module 2. The results are all given in terms of the object coordinates dofined at the
first patterned reflector.

[i :The polarization changes that take place in the Photonic Switching Nework are
formulated in terms of the Jones Calculus, and are illustrated via a series of graphical maps
of polarization. The graphical plots of polarization depict the polarization state of the
chief rays. This approach provides an intuitive picture of the changes of polarization of off
axis rays.

Figure 14 illustrates the path from the first patterned reflector PR1, through the first
polarizing beam splitter PBS1 to the s-SEED which reflects the light back to PBS1 which in
turn reflects it toward the Interconnection Unit. The coordinate system for the Chief rays
are defined at PRI: the positive x direction is shown at PR1 and y points out of (he page.
Like positions on each of the plots I-VI, correspond to the same chief ray. The positive x

direction on plots I-VI corresponds to the Chief ray path shown on the drawing. The linear
polarization states of the Chief rays at the polarizing beam splitter interface are shown
because it is easier to interpret linear polarization states than circular and elliptical states

found at the image planes.
The circularly polarized beams at PR1 are converted to uniform horizontal linear

-polarization by QWR1 just before PBS1 (Figure 14-111). Figure 14-1 illustrates the
variation of orientation of p directions the chief rays make with the beamsplitting interface

of PBS1, shown as a function object coordinate of the Chief rays. Chief rays from object
points for which y > 0 encounter p directions rotated in the clockwise direction and when y
< 0 the rotation is counter-clockwise. The amount of rotation is denoted 0 ( x. y ), and is a

function of object coordinates. For an ideal polarizing beam splitter, only light polarized in

the p direction is transmitted. To determine the fraction of the incident horizontally
polarized beams which are transmitted by PBS1, the incident beams polarization state must

be decomposed into the local s and p directions at the PBS1 beam splitting interface. For
Chief rays in which y = 0, the horizontal direction aligns with the p direction, and 100% of
these beams are transmitted. For Chief rays in which y 0 0, a fraction of the horizontal
polarization lies in the s plane and is reflected. Because a fraction of intensity is reflected
out of the incident horizontally polarized beams, the transmitted beams linear polarization3 direction is rotated by an anlount 0(x, y) to align with the p directions of the PBS1
interface (compare Figures 14-I and 14-IV).
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I

U1 QWR2 converts the linearly polarized beams into right circular and elliptically

polarized beams. After reflection, the beams are left circular and elliptically polarized.

The second pass through-QWR2 converts the left circular and elliptical beams back into

linear states. In double pass, the quarter wave retarder acts like a half wave retarder.

Figure 15 shows how a quarter wave retarder rotates linear polarization in double pass.
The linear polarization of the entering and exiting beams are not orthogonal when y#0, but

have an angular separation of 2s. Because the s and p directions are orthogonal on a
polarizing beam splitter cube, the entering and exiting beams polarization directions must

be orthogonal-for optimal efficiency. Because the linear polarization directions before the
first pass through QWR2 and after the second pass through QWR2 are not orthogonal, i.e.,

separated-by 2s, the polarizing beam combining module does not operate optimally with a

quarter wave retarder. Figure 16 shows the fraction of horizontally polarized light which

passes through the polarization beam combining module over a +10° FOV.
Figure 17 shows the action of a quarter wave circular retarder on incident linearly

polarized light. In double pass, the quarter wave circular retarder is equivalent to a half

wave circular retarder. The half wave circular retarder rotates incident linear polarization

states 900, independent of incident linear polarization state orientation. The use of a
circular retarder in a polarization beam combining scheme allows a more effective means

of orienting-the linear polarization state into the correct direction for the second pass (the
reflection) off the polarizing beam splitter cube. Figure 18 shows the polarization states

before and after each pass through the polarizing beam splitter. Note that the orientations
of linear polarization-for each pass through PBS1 align with the s and p directions of PBS1.
Figure 19 shows the fraction of horizontally polarized light passes through the polarization
beam combining module over a 400 FOV.

Figure 20 gives the difference in the fraction of light that passes through the

polarization beam combing module between using a quarter wave linear retarder and a
quarter wave circular retarder. The Jones calculus of the above situation is provided in

Figures 21 and 22.
The configuration in this situation occurs two other times in the path of our analysis.

It occurs in the plane mirror path of the ICU and it also occurs module 2 (refer to Figure

13 ). Figure 23 shows the locations where it would be beneficial to replace the quarter
wave linear retarders with quarter wave circular retarders.

The polarization ray trace proceeds in Figure 24. This Figure represents the path

2



Action of a Quarter Wave Retarder on
Linear polarization in double pass

Quarter Wave Retarder in double pass
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Efficiency of a Polarization Beam
I Combining Module for incident
* horizontally polarized light

(utilizing quarter wave retarders)
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Action of a Circular Retarder on Linear
polarization in double pass

Quarter Wave Circular Retarder in double pass
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Efficiency of a Polarization Beam
Combining Module for incident

horizontally polarized light
(utilizing circular retarders)
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* Plotted as a function of object coordinate, defined at PRI
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Efficiency difference between a
Polarizing Beam Combining Module
which utilizes circular retarders and

one which utilizes quarter wave
I retarders
I
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I Plotted as a function of object coordinate, defined at PR1
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Jones calculus for a Polarization
* Beam Combining Module
I (utilizing quarter wave retarders)
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Jones calculus for a Polarization
Beam Combining Module

I (utilizing circular retarders)
I
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from the s-SEED in module 1 to the ICU with existing polarizing optics. QWR3 converts

the linear polarization states reflected from PBS1 to circular and elliptical states. The

orientation of their major axes are flipped by the plane mirror before the ICU as shown.
The orientations of the polarization ellipses are such that more power is transmitted by

PBS2 than reflected. We will not show the distribution of reflected and transmitted power

since our analysis will proceed after replacing QWR2 with a circular retarder.
Figure 25 shows the same path as above except we have now replaced QWR3 with a

half wave circular retarder, CR2, and added a half wave linear retarder. We replaced

QWR3 with CR2 for the benefit of-beams entering module 1 from the signal port of PBS1,

and we will explain why a'half wave retarder has been added next.
CR1 rotates the linear polarization states reflected from PBS1 450, and the plane

mirror before the ICU flips their orientation into that shown in Figure 25-V. The linear
polarization of each beam is oriented at 450 with respect to the s and p directions each

beam encounters at PBS2. The beams intensity of each beam is split by PBS2. Half the
beam is transmitted toward the plane mirror and half is reflected toward the roof mirror.
The intensity- transmitted toward the plane mirror is plotted as a function of object

coordinate in Figure 26. The intensity reflected toward the roof mirror is plotted-as a
function of object coordinate in Figure 27. The Jones calculus for this path is providedin

Figure 28.
As stated earlier, the path from PBS2 to the plane mirror and back to PBS2 inside the

ICU is similar to the path analyzed in Figure 18, and its performance is improved when a
circular retarder is employed.

The path involving the roof mirror inside the ICU, however, benefits from the use of

a quarter wave retarder. Figure 29 illustrates the ray trace involved in this situation. Since

* two reflections occur with the roof mirror the orientation of polarization states are align

with the p states of PBS2 for transmission into module 2. The Jones calculus for this path

is given in Figure 30.
Figure 31 shows the path from the PBS2 in the ICU to PBS3 in module 2. Note that

the polarization directions emitted from PBS2 (Figure 31-IV) are not aligned with the p

orientations of PBS3. The orientations of the linear polarization of these beams can be
aligned with the p directions of PBS3 by inserting a half wave retarder at 0 anywhere

between PBS2 and PBS3. The half wave retarder flips the polarization directions about the
fast axis of the retarder to align their polarization directions with the p directions of PBS3.
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I Intensity distribution after
U transmis-sion through PBS2

U (Plane mirror pathi of ICU; design utilizes circular retarders

and half waveplates)

I05
0.48

-0.5" 0.5

0' 0

*Plotted as a function of object coordinate, defined at PRI
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Intensity distribution after
reflection from PBS2

(Roof Mirror path of ICU!- design utilizes circular retarders
and half wave retarders)
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* Plotted as a function of object coordinate, defined at PR i
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Jones calculus of path
from s-SEED to ICU

(utilizing a circular retarder and a half wave retarder)
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Jones calculus
of roof mirror path

I (neglecting retardance of roof mirror)
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i The remaining paths, through PBS3 and reflection off PBS3 are similar to the

situation-analyzed in Figure 18, and are benefited by replacing the quarter wave linearI retarders with half wave circular retarders.
The changes in the polarizing element design suggested by this analysis are shown in

Figure 23 and can be cc-:rasted with the existing design shown in Figure 13. Figure 32

shows the fraction of light which is transmitted by the entire path analyzed of the existing
Photonic Switching Network as a function of object coordinate over a 100 FOV. The final
result was obtained'by summing the intensities of both paths in the ICU. Figure 33 shows

the fraction of light which is transmitted by the entire path analyzed of the modified
Photonic Switching Network as a function of object coordinate over a 10° FOV. The

i improvement of efficiency exists only for off axis object points for which y?0. and assumes

ideal circular retarders with uniform angular response. Research is needed to determine

what kind of circular retarder is suitable for optical interconnect applications.

I
I
I

SI

I



Efficiency of entire path modeled
(existing design; path which involves reflection off the roof

mirror in the ICU)

I 0

I x

* Plotted as a function of object coordinate, defined at PR1
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Efficiency of entire path modeled
(new design; path which involves reflection off the roof

mirror in the ICU)
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* Ploftted as a function of object coordinate, defined at PR1

Figure 33



3. Mueller-matrix, imaging polarimeter
This'section-describes the Mueller matrix imaging polarimeter. After a summary of

Mueller-matrix formalism, the Mueller matrix Imaging Polarimeter, operation. data
reduction and output aredescribed.
3.1 Mueller Matrix Formalism

The effect of an optical system (element) on the polarization of incident light is most
generally expressed by

S =4s ()

where S' and S ate the 4 x 1 Stokes vectors of the incident light, and transmitted
(reflected) light, and M is the 4 x 4.real Mueller matrix that characterizes the linear
interaction of the light with an optical system. The elements of the Stokes vector are
defined as

i ( E . _ E ',
i= / 2 (2)

S' (2 Ep , E. CoSY
(S3 (2'EP,, i E", Sill Y

where E and E, are projections of the electric field on the s and p planes, and y is theI difference in phase accumulation between s and p polarizations. s., is the total intensity,
is the preference for p polarized light, S 2 is the preference for 450 polarization, and S 3

is the preference for right circularly polarized light. The inequality

So<, - S' -S . (3)
indicates that polarized or partially polarized light may be described-by a Stokes vector.

The polarization of a beam can be expressed in a number of other useful ways using the
3I  Stokes elements. The degree of polarization, the fraction of polarized light is defined as

2 2 2

I)OP = 2 3 (-)
SO.

I)OP varies from zero for unpolarized light to one for polarized light. The degree of linear

polarization is the fraction of linearly polarized light,
vS2 + s 2

DOLP N1  2)1 SO.

I,
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DOLP is zero for unpolarized light or circularly polarized light and one for linearly

polarized light. The degree of circular polarization is defined by
it '3

DOCP = s (6)

P5"  DOCP is zero for unpolarized and linearly polarized light and one for right or left

circularly polarized light. A polarization ellipse may be drawn from the eccentricity and

3 orientation. The eccentricity is

x = ~crsn ~ .(7)

and orientation is

a= -ctrctctnl-'. (8)

I For a non-depolarizing optical system. the Mueller matrix contains seven degrees of

freedom. These are:
i) overall, intensity transmission,

U(2.3) linear diattenuation and retardance along the coordinate axis,
(4.5) linear diattenuation and retardance at 45 to the coordinate axis,

(6,7) and circular diattenuation and retardance. The overall phase of the light is not

preserved. In the most-general case, the Mueller matrix contains 16 degrees of freedom.

K  The Mueller matrix of an optical system (element) is a function of wavelength and

angles of the incident light. The response of an optical system to a spherical wave can be
described by a Mueller matrix written as a function of object coordinate T, and pupil

coordinate p and wavelength X .12,13

1 3.2 Mueller matrix Imaging Polarimeter Description
The Mueller Matrix Imaging polarimeter operates by sending a set of polarized3 spherical waves into a sample and measuring the polarization state across the transmitted

or reflected spherical wave. It takes a series of 64 measurements on each sample and uses

Fourier methods to reduce the data to provide information on how the optical system

changes the polarization of light on a ray by ray basis. From the data, the polarization state

of a ray transmitted from a sample or optical system can be determined as a function of a

ray's incident polarization state and angle of incidence. The polarization information can

I4



be displayed as a function of field of view or pupil coordinate in the form of a Mueller
Matrix. Diattenuation and retardance of a sample or optical system can be displayed as a
function of field of view.

The Mueller Matrix Imaging Polarimeter. illustrated in Figure 34, can be divided into
two sections: a polarization state generator and a polarization state analyzer. The

polarization state generator consists of a source, a He-Ne 633nm laser or an 850nm laser
diode and polarizing optics. The polarizing optics are a stationary linear polarizer followed
by a quarter wave linear retarder mounted in a computer controlled rotary stage.
Following~the polarizing-optics, focusing optics prepare a spherical wave which is sent to

the sample under test. The polarization analyzer consists of focusing optics followed by a
quarter wave linear retarder followed by a stationary linear polarizer followed by a ccd
detector. The method of operation is as follows. The first linear quarter wave retarder
rotates in5.6250 increments over 3600 and the-second quarter wave retarder rotates in
increments 5 times that of the first, 28.125'. The two rotate together sync. The

- "polarization modulation produced by the discrete rotations of the retarders of the
polarization generator and analyzer produces an intensity modulation measured by the ccd
detector which is then Fourier analyzed. In this case all 16 elements of the Mueller matrix
is encoded onto the detected signal at each pixel.

The theory used for the data reduction algorithm of the Mueller matrix Imaging
Polarimeter is given next.

Let S ( .in. i= (s 0 . s I s. ;,) r be the Stokes vector of the light leaving the

polarization generator. Xl ( 1. ni. it) = in ,; t. I = I . 2. 3. 1 be the Meller matrix of the

sample under test, and R (1. ni. it) = (r 0 .r I. 12. r.3 ) T be the first row of the Mueller
matrix of the polarization analyzer. The direction cosines 1. in. it which describe the ray
directions, will be suppressed to simplify this development. The detected intensity on the
ccd detector -is I = ci1 N4 S, where c is the responsivity of the ccd detector. Carrying out the
matrix multiplications we obtain
I4

I = c .t .I /t. I  l

where

I = s(2)

I
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When the rotational step of the polarization analyzer is five times the rotation of the

polarization generator, it becomes

I :Cos 220 sin 20cos2O sin 28
cos220" cosZ2ecos=22 '  sin2fcos2ftosZ22 •  sin2os220"

3/ sin20'cos20' cos 229sin2O'cos26 ' sin 2cos2Osin29'cos2' sin2Osin2G'cos20*
sin20" -cosZ2esin 20" -sin 2Ocos2Osin20" -sin2fsin20"1- (3)

where e = 5 " and G is angle between the fast axis of the quarter wave retarder and the
transmission axis of the polarizer of the polarization generator and e 'is the angle between

U the fast axis of the polarization analyzer quarter wave retarder and the transmission axis of
the polarization generator polarizer. If some trigonometric identities are applied to the

result in Eqn. 3, we obtain a periodic signal
12

X=o+ Z (a~cosn20+b~sinn2O) (4)

Twenty five Fourier amplitudes ao, a., b,, (n= 1,2,... 12)are determined by

performing an FFT on the signal Ito obtain the Fourier amplitudes in terms of the scaled
Mueller matrixIM = ioM (5)

io = cPU

where -c is the transmittance of the polarizing optics and focusing optics for incident

unpolarized light.

Note that four Fourier amplitudes are identically zero, and that five identities are

satisfied (a 7 = - a3 , b 7 = b 3 , a6 = a 4 , a I = -a 9 , bII = - b 9 ). Deviations from these
conditions are symptoms of, and are used to characterize imperfections in the polarimeter,

such as azimuth-angle errors, non-ideal components, or nonlinearity of detector response.
The dependence of the Fourier coefficients on the Mueller matrix elements are
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ao~ ~~ ml 1'M2-2 ,-2
Ii =0a0=°m 1  1 • 1 m 1  .m2

I I 1 t 1 2

C1 4 128 = 40 33 CL2 -jjFl1 2 +44 2

1 . b 1=

11~_ a3 - 43  b3=m 4

C13 ' 7 = - ._MT42

1 8

a 7 ~b = 0

a.=r n 4

as ="O 2

"l nT 4 4  2

3 C17 = rn43 1

8 ,

C = =  
//"3222 

+  
1233

16 16 b9 =- Irnm2-

ag= = -r n -i-3r33(
1 = b)m 31 + -n 2

ii m.,al = - 7 (2 + -in2: (2 b21.6 16
C1 .2 = - (6)3 The Fourier coefficients are then inverted to obtain the Mueller matrix elements

Mn4 ,1 = 2(-az4 - a 6 ) in 33 = 8 (a . - a I2)3 13 = 4(-a. +a 6) 2=8(b+b1)

rn.12 -4(b 3 +b 7 ) rn32 =8(b 8 +bl 2)

M4 = - _M 2- SM 2=_ 2

rna4= 4(-b 9 +b 1 1 ) m'. =-b, MII rn3 41 = -a9 -all~
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m1 .1=-_in2,4 + 0b1-_m 3 4  m-4in2 1 0--2

fn22 8(a8 C- 12) m 3 1 = 4b ,o- M3 2

2
mm1 =2a,) -- n, - -i

12 2~2 j22

(7)
To obtain the absolute Mueller matrix elements, m, m' . /0 o, it is necessary to

measure i 0 This is normally done in a calibration step in which the sample is removed and

the polarimeter is operated in the straight-through configuration. This step can not be3 done in an imaging polarimeter for most samples. Generally, the sample introduces
wavefront aberrations into the beam causing a transverse shift in ray paths when it is

3removed. The task of compensating for this shift in software would be formidable and

could not be generalized so that it would work for many different samples with different

wavefront aberrations. We instead normalize the Mueller matrix by dividing all theU elements by ni,,. Information on the sample's transmittance of unpolarized light is

therefore lost.
Accuracy of the polarimeter-is sensitive function of the alignment errors in the

quarter wave retarders and polarizers and the retardance errors in the quarter wave

retarders. The alignment errors of the polarizing optics and retardance errors in the

quarter wave retarders can be measured and compensated for in the data reduction. The

data reduction algorithms of the Imaging Polarimeter include algorithms which

compensate for these errors. A single channel polarimeter is currently being constructed to

measure the alignment errors and the retardance errors of the polarizing optics of the

Imaging Polarimeter. The full analysis and the single channel polarimeter is described in

section 5.
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4. Stokes Imaging Polarimeter
Imaging Polarimetry supplements phase measuring interferometry by measuring the

polarization content over a wavefront. A Stokes Imaging Polarimeter measures Stokes

vectors over the wavefront., The UAH imaging Polarimeter is operated, in one
configuration, as a Stokes Imaging Polarimeter 21. In this configuration we introduce a
plane wave or spherical wave of known polarization state to the optical element or optical
system under test, and measure the Stokes vectors of the transmitted light on a ray by ray
basis. We characterize the response of the optical system to a waveform of known

3 polarization.
The Stokes Imaging Polarimeter presently operates in the visible and near infra-red.

The instrument has been set up and is operated in the Research Institute building at the

University of Alabama in Huntsville. The instrument is fully automated with computer
controlled rotary stages and involves polarizers, retarders, lenses and a ccd camera. Once a

I data collection run is started by the controlling computer, the automated stages are rotated
in increments according to a rotating retarder scheme described below and several images
are digitized- using a image frame grabbing board. At the end of the data collection routine
the modulated intensity images are shipped over the PC bus and Fourier analyzed to obtain3 the Stokes elements in image form. The Stokes images are then manipulated to obtain
relevant polarization images.

* Stokes vectors across a wavefront or 'Stokes Images' are generally measured at the

exit pupil by imaging the exit pupil the ccd detector. When the exit pupil is imaged onto

the ccd, each pixel of the ccd gathers light from a small bundle of rays that have passed
1f I through a sample and the Imaging Polarimeter measures the polarization aberration

function 17,18. An image plane of an optical system can also be imaged onto the ccd,
wherein the distribution of polarization states in the point spread function is measured and
the polarization point spread function of the system is determined in Stokes vector form.

The objective of the imaging polarimeter is to determine a Stokes vector associated

with each pixel of an input scene or wavefront. The configuration of the polarimeter is
given in Figure 35. It consists of a rotating retarder polarimeter followed by a ccd camera

connected to an image processor. The polarimeter contains a quarter wave retarder
(QWR) and a linear polarizer. The polarimeter operates by stepping the quarter wave

I retarder through a 360 cycle in 11.25* increments for a total of 32 sequentially measured
frames. The resolution of each measured frame is reduced by averaging 5 by 4 pixel

I
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squares into bixels. The averaging is done to increase signal to noise and to minimize the
effect of beam-wander. The resolution of each measured frame is reduced after each

measurement to minimize memory requirements. Beam wander is discussed-in the error
and calibration section. Producing a set of bixels over the measurement region. A Fast
Fourier transform is performed on the data bixel by bixel to generate the Fourier
coefficients associated with each bixel of the input image. The Stokes parameters can then

be obtained from the Fourier coefficients on a bixel by bixel basis. The Fourier analysis
related to the Stokes parameters is described below.

The Mueller matrix of an ideal quarter wave retarder and ideal polarizer
combination is

3I( cos 2 2O cos2Osin2O -sin20

(0) ICOS 2 20 cos20sin2O si22O = 0 0 0

where e is the angle between the fast axis of the quarter wave retarder and the transmission3 axis of the polarizer. Since the polarizer remains stationary before the ccd, only one state
of linear polarization is incident on the ccd. The polarization sensitivity of the ccd detector
does not have to be considered.

The detector measures intensity, L The intensity of the light imaged onto the
detector is modulated by the rotating retarder according to

t(0) = so = _(s o + s, cos' 2 0 +s.cos 2 0 sin20-s 3 sin 20). (2)
2

3i or rewriting using trigonometric substitutions

3(O)== sS+-I-s.sin20+-scos 40 ssn 40 (3)

where 0 is the rotation angle of the quarter wave retarder relative to the transmission axis

of the polarizer. Eqn. 3 is a Fourier series with Fourier amplitudes

I I

C2, = + S
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Il

.s 2  (4)

The Fourier coefficients are inverted to obtain the Stokes vector elements
so = 2a 0 -ct,,

s 2a,,

2b.

= -b 2 .(5

The intensity across the scene or wavefront is divided out by dividing s I, s3 by so

bixel by bixel. The degree of linear polarization (DOP), degree of linear polarization

(DOLP), degree of circular polarization (DOCP) can also be displayed as a function of

field of view. The eccentricity and orientation of a polarization ellipse can also be

displayed. They are a series of polarization ellipses drawn over the pupil.

In another configuration, the Stokes imaging polarimeter uses a rotating polarizer in

front of the ccd camera. Three images are taken with the Stokes polarimeter in this

configuration and the data is reduced to give the first three stokes parameters: so, sI, s 2.

The usefulness of the Stokes Imaging Polarimeter in this configuration is to take the data
very quickly, 2.5 -seconds. It is used to take polarimetric images of non-static scenes. The

Stokes images can be manipulated to obtain all of the above mentioned polarization
quantities, DOP, DOLP, etc.
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5. Single Channel Mueller Matrix Polarimeter

A single channel Mueller matrix polarimeter is currently being constructed in the

Research Institute building at the University of Alabama in Huntsville. A schematic of the

polarimeter is shown in Figure 36. The instrument will support our research in Imaging

Polarimetry by 1. calibration of polarizing optics used in the imaging polarimeter, 2.

measuring alignment errors of the quarter wave retarders and polarizers in the Imaging

Polarimeter, 3. Accurate polarization measurements of interesting, 4. Depolarization

studies of thin films, psuedo-depolarizers, and other scientifically valuable samples.

The instrument is fully automated with computer controlled rotary stages and

involves polarizers, retarders, lenses and a silicon photodiode broadband photo-detector.

The photo-diode is connected to a pre-amp connected to a 4 KHz 12- bit A-D converter

board. Once a data collection run is started by the controlling computer, the automated

stages are rotated in increments according to the same rotating retarder scheme as is used

in the Imaging Polarimeter and several data points are collected. At the end of the data

collection routine the modulated intensity data points are shipped over the PC bus and

Fourier analyzed. In one configuration, the Single Channel Polarimeter is used to calibrate

the polarizing optics of the Imaging Polarimeter. The calibration run gives orientation

errors of the retarders and polarizers of the Imaging Polarimeter and retardance errors of

the retarders. In another configuration, it has the capacity to accurately measure the

Mueller matrix of a sample.

5.1 Polarizing element orientation and retardance error compensation

The procedure to find orientation errors and retardance errors of the Imaging

Polarimeter polarizing optics will be described first. The errors discussed here are the

retardance errors of the first and second retarders, E, and E 2, orientation of the first and

second quarter wave retarders, E36 and E 4, and the orientation error of the last polarizer E .

The orientation errors, (E3, E4, E s are referenced to the transmission axis of the first

polarizer. The five errors are shown graphically in-Figure 37.

Calibration of the Imaging Polarimeter is extremely important since orientation

alignment errors of the polarizing optics introduce error into the measured Mueller

matrices. Misalignment of the first retarder relative to the transmission axis of the first

polarizer by 1' can cause an error of up to 7%; misalignment of the second retarder by the

same amount causes up to 34% error and retardance error in either of the two retarders
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produces 2% error. [] The orientation and retardance errors E;, i = 1, 2,3, 4, 5 can be
included into the equations relating the Fourier amplitudes and the Mueller matrix
elements. The following notation will be used:

al = 2 E4 -2e 3 - 2E5  a 7 =2E-4E 4 -2E 3

a2= 2E4 + 2 E , - 2 s  a. =-cC6
a 3 =2E4-4,-2e. ag = 4E4 -4e 3 - 2ES

a4=2E4 +4E.-2e. a10o- 4E 4 
+ 4E 3 -2Es

a 5 =2Es-2E 4  Ot -- 4E4-2ES

O- = 2ES- 4E 4 + 2E3

3 = I -cos6, 3 = 1 +cos6 1

32 -I -cos6 2  34= 1+cos8 2
61,2- 90° + E1.2

The following equations relate the Fourier amplitudes-to the Mueller matrix
elements and errors:I I I .

ao =_ 1 I I * 3m 12 '+ P4cos2ESm 2l1 + 1P 4cos2esm 2 2 + 1P 4sifl + 103P 4 sin2eM32
a2 = sin6 1 sin 2E-M 4 +!sin 61P4 sin2Eacos2EsMr4 + sin6 sin2E3 sin2ESM 4.2.!PCoS4cM,

2 . 1P, sin 4,m,2 * ,P3.CoS4c, cos2csn 22 - 1P, 13sin 4C'cos2cm 2  -IP13,cos4C.sin 2ESm,2 .03, sin 4e sin4m r

62 = -13. sin 62 sin Otam 2 - 1P, sin 62 cosat3mr43
,41 =- sin6 isin 6 .cosa Im 4,a= sin6,sinasrm4, + 13Psin6 2 sin aSrM2

a 6 = ;sin 61 sin 6 2 cosa 2 m 44a7 -1fP sin 62sin a 4m 42 + ifP sin 62cosa 4M 43
a8 = f3013 2cosat 9 (m 2 2 + M 3 3) + 1P3 3sin (M ) - M3 )

*a 9 = !P 2 sin 61 sin a6M 24 + !Psin 61 cosa6M4
S o=t13

2 cos(XIIM 21 +J 3 0 3 cosa IImr 22 +iP3 2 sin am7 +-f3 2 t33 sjna Im 3 2
a I I 2sin 6 sin a? m 2 4r - 1P2 sin6 COS a7m34
a 12 = j I3II32cosa 10 (M 2 2 - in 33 ) + _LPI 2 sin a 10 (m 23 + in 32 )

b = !sin6 1 cos2m 14 + 134 sin 61 cos2E3 cos2ES 2 4 + !3 4 sin 6 , cos2E3 sn 2EsM3 4

b2 - - 1D, sn 4 ,M I2  - I,3 cos4C m3I , 1013,5, cos 4e cos2 sma 10 ,J3 sin 4C cos2c Msm -113,, cos 4 c si 2 csm l - 1 , s i , sn 2 smn31 
1

Ssin 62 cosa-m 42 + 3 1 sin 2 sina 3 m 43
b,.=isin6,sin62 sinc 22ssin 6cossm 4 1 3 sin62 cosam, 2
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~sin 6, sin 62 sin ct2m44b7 -1p sin 6 2 cosa 4 M 42 I f sin 6 2 sin a 4 m 43

bs = - 6I P32 sin a9 (M 22 + in3 3 ) -j-P-iI3 2 COSct 9 (M 2 3 - Mn32 )

b9 =~I2 si8 1 os 6 M 2 4 + [P2 sin 61sina 6M3 4

bP2 =~sin 6, COS C7 M2 4 - P2 sin 6,sina~ 3

12 = -! I 2 sin IO(M2 2 -- M3 3) + 1PiI3 2cosa IO(M3 2 + M2 3 )

(6)

which can then be inverted to obtain the Mueller matrix elements in terms of the3 Fourier amplitudes and errors

_ 8 A A4  A 6  84 -A 3 cosz3 -B 3 sina.A 7 CoSa 4 -B 7 sina4
M2 4 4 =- =6--CSaI+ - + snaI)n4 ii3 sin6 1sn 2 ( COs~ o~ 2Sn( 1 I~i

A. sin Q.-B3 cosa.-A7 sin a4 -8 7 COSa 4  -P33m42  485
,7 42=-c, A I sin 6 2  II.41 2 COS ssin 62

Agsjn a6-B 9 COSa 6-A 11 sin a,.B 11 COSa 7  8Agcosa6-B 9snCz6-A 1COS(X 7-81 1 stn~a7-I m 2 =8 f 2sin6i ,134 1sin6 -

-134CScsm 24  -4BI 0 4s in2CSM34  ABCOSCa9-A 12COSa 1 -Bosin a9-B 12sinal 1
in 4  2 cos2e 3 sinfi 2 221OID2

m33 =16A 8 COSa 9 -A,1 2 cos 1 -B 8 sing 9 81 2 sinalo, 3  6 -Aesinc~9 .A 1 2 sina1 0 -B 8 cosot9 -B 2 COScz10

N132 1310~2

Aesina 9-A, 2 sin% 0 .8 5Bcosa 9 '81 2 cosa1 0in 32  16 00

S16 A2 cos4c.- 16B2 sin 4C3-10 4 cos2ESM22 - 0,0 4 sin 2e5 m32M 12  0

16A 2 sin 4e.- 16 2 cos 4e-D I P4 COS2CSM23-0,014 sin 2ESM 33  16A 10 coscg 1- 16B 10 snna 1 -3 2 31n 223 in 13 = 20, jj 2  2j32

=-(132 133 32 - 168 1 0 cosa l- l6A 10sinall

1 (7)



where the Mueller matrix elements should be calculated in the order shown. These

equations must be solved sequentially because some of the matrix elements have been left

in terms of other matrix elements to reduce the complexity of the equations.
To solve for the five alignment and retardance errors, the single channel Mueller

matrix polarimeter is operated with no sample and the Fourier amplitudes are obtained
from the measured, modulated intensity. Elements of the identity matrix are inserted for

I 3the Mueller matrix elements in Eqns 7, yielding

ao = + 3 3 4 cos2E.

a2=iI31 34cos4Ecos2E5 + 31 34 sin 4E 3sin 2E2 4 = -!sin 6, sin 62 cos I

a6 = sin 6, sin 6 2 cosa 2

a 8 = 813 1 32 cosa 9

C o10  = I[3 2 cosct1

C , 12 = 0

P I P IsnEcsE

b 2 = - 3 1 i34 sin4Eacos 2 P P 31 34 cos4E 3sin 2E 4 = sin 61 sin 62 sin t 1

b 6  -sin 61 sin 62sin a 2:1 b=- P ,f 2sina

b12 = -[3 2 j33 sinet1

(8)

Note that all odd Fourier coefficients are set to-zero, since their presence is possible only

I when alignment errors are present. These equations are then inverted to obtain the
alignment and retardance errors,

,n,() -IE3 =!tan b- tan-',:,o

E5 =Itan1(L2= -tan ( L-tan ,)

2 a)2 ~ a I4*2 -a 10

I ; ,), ,(o), _(,) _-(.,E4= tan (2) -  ( 6  ) tan - -!tan

a2  2 a6  41n a8 )-tng 4 -t a o

I 6 , '-= COS -' a 1 - 0 ¢0" t -a2 COS at I I

ai ocosagascos t 1i,
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-o__ 4a 8 . (9)
.| COS 1 Co Q

Once these equations are obtained, they are inserted back into Eqns 7 to compute the error
corrected Mueller matrix elements.

I
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6. Measurements
This section presents several measurements made with the imaging polarimeter. The

purpose of this section is to convey the capabilities of the imaging polarimeter. The
measured samples and results will only be briefly discussed. The measurements made on
the polarizing beam splitter cubes arepresented. in detail in Appendix B, and will not be

shown in this section.
Before each measurement cycle the single channel polarimeter is operated with no

sample in the compartment to determine the initial alignment errors of the quarterwave
retarders and the polarization analyzer linear polarizer. This is done by inserting the single
channel polarimeter detector in an image plane of the imaging polarimeter after the

polarization analyzer. The transmission axis of the polarization generator linear polarizer
defines the axis in which orientation errors of theretarders and the last polarizer are
measured. Also in this step we check for retardance errors of the quarterwave retarders.
The orientation errors and retardance errors can then be compensated for in the reduction
of data from the imaging polarimeter.

A calibration Mueller matrix taken before a data run is shown in Figure 38. The
imaging polarimeter was operating over a = --6 field of view. Since no sample is present in
the sample compartment during the calibration run, the Identity matrix is expected, i.e., all

diagonal elements are one and all off diagonal elements are zero. The measured
calibration matrix falls within the expected values within : 2.5%.

The Mueller matrix of a total internal reflection linear polarizer fronm Optical
Research Associates, measured by the imaging polarimeter, measured at 633 nm is shown
in Figure 39. The diattenuation of the polarizer can be extracted from the 9 upper left
Mueller matrix elements. The diattenuation will not be presented here. The Mueller
matrix was measured over a *5° field of view. The diattenuation remains high up to 30,
where it falls off dramatically, which is marked by the sharp drop off in one direction on the

four elements in the upper left corner of the matrix.
Figure 40 shows the Mueller matrix of a Meadowlark Inc., liquid crystal circular

polarizer, measured at 850nm. The accuracy of this matrix is drastically reduced because
the measurement technique of the imaging polarimeter does not lend itself to measuring
circular diattenuators. The reason is that the polarization generator sends a series of
polarization states that are orthogonal eigenpolarization states of the circular polarizer,
limiting the amount of light passed by the sample. The loss of signal for these
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measurements introduces substantial amounts of noise into the measurement. The

behavior of the circular polarizer, however is present in the lower right and lower left

elements of the matrix. Further research is needed to modify the present measurement
technique to allow the imaging polarimeter to characterize. circular. diattenuators.

A measurement of the uniformity of a zero order linear quarterwave retarder is

-l shown in Figure 41. The Stokes imaging polarimeter was used to measure this sample at

633mn. A plane wave of uniform linear polarization was incident on the sample such that
the linear polarization direction was aligned with the fast axis of the quarterwave retarder.

The polarization states of the transmitted co-linear rays are plotted as a function of
wavefront coordinate. The transmitted wavefront polarization is nearly uniform. The

non-uniformity is primarily due to a spatial variation of the crystal axis orientation across

the sample. Thickness variations also contribute to non-uniformity although the two effects

I Ican not be decoupled.

7. Calibration Issues3l In this- section, the issues of camera calibration, bootstrap calibration of the
polarization generator and analyzer elements, movement in the scene, source/detection
fluctuations, beam wander, and instrumental polarization are discussed.

7.1 Camera calibration
Camera calibration can be relaxed somewhat due to the nature of our measurement

technique. Our calculated images, or pupil maps in the case of the PBSC measurements,

consist of added and subtracted images divided by another image. Normally each pixel
grey value would need to multiplied by a-sensitivity factor which is slightly different for
each pixel (sometimes 10% difference), but since our images ratioed, the sensitivity factor

divides out. However, the dark count (pixel value at zero light level) must be subtracted
out of each measurement. All data reduction algorithms do this.

3 l7.2 Polarizing element calibration
Without sufficient prior knowledge of the properties of the polarization elements, a

* bootstrap calibration needs to performed, i.e. a calibration using retarders and polarizers
with unknown properties. The calibration should make the fewest number of assumptions

about the polarizing elements and utilize methods that are relatively insensitive to the
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weakest assumptions. Once an accurate Mueller matrix polarimeter-is operating, it can be

used to calibrate polarization elements for other polarimeters, greatly simplifying the
exacting task of construction and' accurate imaging polarimeter.

Preliminary calibration has been done on the UAH imaging Stokes polarimeter.
Polarizer calibration assumed that the polarizers only display diattenuation. The
transmittance of the transmission axis and the absorption axis of polarizers were measured.
Two similar polarizers were calibrated in this way were then used to calibrate the retarders.

The first nine elements iI through rn 33 of the retarder Mueller matrix were measured by

rotating the polarizers at a 3:1 ratio on either side of the quarter wave retarder. The
resulting intensity modulation has four harmonics and a de term in its Fourier series which
will solve for the nine Mueller matrix elements. The linear retardance and linear
diattenuation can be obtained from these nine Mueller matrix components assuming there

is no circular retardance. Circular retardance occurs in multiple element linear retarders
when the fast axes of the linearly birefringent elements are not exactly 0' or 90 apart. To
test for circular retardance, the QWLR was placed between two crossed linear polarizers
with its fast parallel to the transmission axis of the first polarizer. If circular retardance is

present, the electric field vector is rotated slightly, so that the final polarizer must be
rotated to locate the null. No circular retardance was observed in these retarders, but we
have detected it in other linear retarders. If circular retardance is observed, the remaining
seven components of the QWLR Mueller matrix should be measured. A method to
measure these components is described in reference 22.

7.3 Speed of data acquisition
The imaging polarimeters discussed here take measurements sequentially in time and

are sensitive to drift. Any change in source intensity or any drift in camera sensitivity
during the measurement sequence is a source of 1/f noise. The measurements must be
made as-quickly as mechanical!y possible. The rotation stage which rotates the polarization
generating and analyzing elements is the limiting factor. Ideally the stage should rotate the

polarizing element into position during one frame period or 1/30th second. This would be
a dead frame period. In the case of the Stokes polarimeter, if frame averaging is not done,

the measurement time required would be four frames for data acquisition and three dead
frames, or 7/30th of a second. High speed data acquisition may enable polarimetric
measurements of quasi-still life such as planes, boats or vegetation.
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7.4 Beam wander
Another important calibration issue is beam wander. To understand the problem,

consider how digital image processors calculate derivatives. A partial derivative of the
image intensity in the x direction is calculated by shifting the image in the x direction and

subtracting the image from itself. The imaging polarimeter performs data reduction by
adding and subtracting images. Amo; i,ag object in the scene introduces spurious
contributions into the Stokes images proportional to the resulting intensity derivatives.

These intensity gradients are often greatest around the objects edges, but edges are where
many objects have-their greatest;- olarzation signatures. Fortunately, in optical system

polarimetric metrology, our subject is usually a fixed optical system and the intensity
gradients are generally small. Thus, far more accurate polarimetry is possible in this setting
than in remote sewsing or tactical polarimetry.

The faces of QWLR need to be highly parallel because wedge in a rotating element
generates beam wander. If the retarder is slightly prismatic, the image will move in a circle
on the ccd resulting in a spatial misregistration and imagz, derivatives. Large amounts of
beam wander can be partially compensated by carefully shifting the measured images in
software.

7.5 Instrumental po!arization
The instrumental polarization due to wavefront shaping optics within the polarimeter

may require compensation during data reduction. Their instrumental polarization will
have to be determined-each time a new optical system is configured within the sample
compartment, so standardized methods for removing this systematic error should be

developed.
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8. Conclusions
This research has produced analytical methods to aid in the polarization design of

polarization based optical computers and has developed needed instrumentation to
measure and understand the propagation of polarized light in polarization based optical
interconnects.

We provide a summary of the polarization analysis done on the AT&T Iteration 3
Photonic Switching Network. The analytical approach can be used to analyze other

polarization based optical computing architectures. In the course of the analysis and
research, we discovered several methods which may improve the efficiency of the optical

interconnects associated with AT&T optical computers. The changes to the existing
designs involve repiacing several quarter wave linear retarders with circular retarders, and

inserting half wave retarder plates in two places to manipulate the ins:rumental
polarization so that the instrumental polarization works in our favor.

An Imaging Polarimeter has been built and calibrated to perform polarization
metrology on polarizing optical systems. It presently operates at 633nm and 849nm. The
Imaging Polarimeter can be operated in two configurations. In the first configuration, it

measures polarization content over a wave front. The polarization of an optical system can
be measured at the exit pupil to obtain the polarization aberration, or it can measure the

polarization content of an-image to obtain the polarization point spread function. In the
second capacity it sends in polarization states and measures output polarization states to

measure the polarization properties of the optical system for a set of ray paths. From a set
of measurements, the Mueller matrix of an-optical system can be obtained as a function of
field of view and pupil coordinate.

The Imaging polarimeter demonstrated its usefulness in a set of measurements made

1 on polarizing beam splitter cubes. The paper which developed out of this work "Angular
dependence of polarizing beam splitter cubes," has been submitted to Applied Optics-and is
attached to the end of the report. Several other measurements have been made with the

Mueller matrix Imaging Polarimeter, such as quarter wave retarders, circular polarizers,

and total internal reflection polarizers.

Further research is needed to increase the accuracy of the Imaging Polarimeter.

Presently, accuracy of the Imaging Polarimeter is limited by the 8-bit A-D conversion of the.3i video frame grabber board. An upgrade to a 12-bit A-D conversion could increase the
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-accuracy by as much as a factor of 10. The added accuracy is needed to study smaller
polarization effects, such as weak instrumental polarization, or weak field of view
dependence of a polarizing device, or even depolarization.
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Abstract

In this paper we describe two configurations of imaging polarimeters designed for
polarimetric optical metrology. The first is a Stokes imaging polarimeter which measures
the polarization response of optical systems to spherical or planar waves of known
polarization. The output is images of the degree of polarization, orientation and
eccentricity.of polarization ellipses, or Stokes parameters displayed as a function of either
the exit pupil or image coordinate of the optical system. The second configuration is a
Mueller imaging polarimeter which measures the Mueller matrix of an optical system on a
ray by ray basis. Calibration issues involved in building these instruments are addressed
along with a brief discussion on polarization aberration mechanisms.

1. Introduction

For the majority of optical systems, detailed information about their effects on the
polarization of light is not important. Systems can often be accurately analyzed by ray
tracing using the assumption that polarization and intensity across the wavefront remains
unaffected by the optical system. When this assumption is no longer valid, the ray tracing
algorithm must be generalized to include the polarization effects of the optical system.
Polarization ray tracing calculates the variation in the intensity and polarization associated
with different ray paths through an optical system. 1-4 Similarly, an imaging polarimeter can
be used as an optical metrology tool to measure the polarization properties of optical
systems and align these systems. An immediate application is to develop a data base on the
relative properties of polarization components as a function of wavelength and field of
view.

There are many optical systems where instrumental polarization:is a concern, such as
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interferometers, polarimeters, optical computers, grazing incidence optics, and phased
arrays. In interferometric systems, such as laser radars and analog optical computers, light
coupled into the orthogonal state due to instrumental polarization will not interfere with

the reference beam, decreasing the interferometer's fringe visibility and information
processing capability. Polarization state should be strictly maintained in polarimeters and
ellipsometers, since any spurious polarization contributions from the instruments
polarization leads to inaccurate results. Other examples of systems in which polarization is

a concern include broad spectral band systems. precision radiometers, phased arrays, and
optical signal processors.

The University of Alabama in Huntsville (UAH) imaging polarimeter is specifically
designed to analyze a digital optical computer under development at AT&T Bell
Laboratories. 5-7 This system uses polarization beam combining to interlace two arrays of

beams onto a modulator and bring them out together in a third direction. Each logic
module uses ten polarizing beam splitters and twelve quarter wave linear retarders and
involves fourteen changes of polarization state. Small polarization effects in one polarizing
beam splitter can become serious problems in a series of ten polarizing beam splitters.
Furthermore, systems considerations drive the designer to use as large a field of view as
possible through the system. If the polarization state is not correct, then at each polarizing
beam splitter, part of the beam takes the wrong path and eventually is imaged onto the
wrong modulator. The imaging polarimeter is needed for the study and alignment of this
system.

This paper describes two closely related types of imaging polarimeters for metrology of
optical systems, a Stokes imaging polarimeter and a Mueller imaging polarimeter. A
Stokes imaging polarimeter measures the polarization response of an optical system to a
given input polarization state by determining-the Stokes parameters across a wavefront. A

Mueller imaging polarimeter measures the Mueller matrix of an optical system on a ray by
ray basis. From the Mueller matrix, the linear and circular diattenuatior and linear and
circular retardance associated with each ray path may be calculated.

2. Stokes imaging polarimeter

The imaging polarimeter at UAH is being developed for optical system metrology.
Other Stokes imaging polarimeters have been described for application to solar vector
magnetograph measurements 8, earth resource investigations 9, and remote sensing.10

Figure I shows a schematic of our Stokes imaging polarzmeter. It consists of a rotating
retarder polarimeter followed by a CCD camera connected to an image processor. The
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polarimeter consists of a quarter wave linear retarder (QWLR) followed by a linear
polarizer (LP). The CCD camera has d 576x485 resolution. The DT2861 image processor
board holds 16 images in memory simultaneously and is able to do frame
addition/subtraction, multiplicationf-division, zoom, pan and scroll, AND, OR ,XOR logic
operations, and display output in false color.

The objective of the Stokes imaging polarimeter is to determine a Stokes vector
associated with each pixel of the camera. The imaging polarimeter needs to acquire a
minimum of four images at different orientations of the QWLR to calculate the Stokes
parameters. The result, following data reduction, is a set of Stokes images where a Stokes
image is defined as an image displaying one of the Stokes parameters. The four resulting
Stokes images describe the intensity, linear polarization, orientation, and circular
polarization content of the light in the scene.

Our interest is principally in polarimetric metrology of optical systems. We operate
the Stokes imaging polarimeter by introducing a plane wave or spherical wave of known
polarization state into the optical element or optical system under test, and measuring
Stokes images of the transmitted light. These Stokes images can be measured at either the
exit pupil or image plane by focusing the camera on that plane. If the camera is focused
on the exit pupil, then each pixel of the camera corresponds to a ray path through the
optical system under test and the imaging polarimeter measures the polarization aberration
function.2 If the camera is focused on the image plane, then the distribution of polarization
states in the point spread function -is measured and the polarization point spread function
of the system is determined in Stokes vector form. Since the point spread function is
usually only a few microns in diameter, a microscope objective or other high magnific. ion
system is needed to observe the structure of the point spread function with the CCD
camera.

We refer to pixel coordinates as coordinates which locate a particular pixel on the CCD.
These pixel coordinates may correspond to either pupil coordinates or image coordinates
of the optical system under test, depending on which plane the imaging polarimeter is

iI  focussed.
The polarimeter section of the instrument consists of a QWLR which rotates followed

bv a LP which is fixed. The polarization state transmitted through the polarimeter
I S(x', y'), written as a function of pixel coordinates (x', y'), is related to-the

polarization state incident on the polarimeter $ (x, y), written as a function of exit pupil
or image plane coordinates (x, y) of the optical system under test, by the polarimeter
equation

3
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S'(x".y') =MLP(. = O) 1QVLR(e)s(X. y). ().

XI LPW() is the Mueller matrix of the LP, and M QVLR(0 ) is the Mueller matrix of the QWLR
oriented at angle 0. The LP remains at a fixed orientation 0 = 0 for all measurements. If
the linear polarizer changed orientation, the instrumental polarization of the camera lens

and/or CCD might need to be compensated as a possible systematic error. This would
occur if the transmission through the lens (or a folding mirror) or the sensitivity of the
CCD was a function of incident polarization state. But the polarization state transmitted to
the camera lens and CCD is always in a fixed state of linear polarization insuring that the
effect of the instrumental polarization of the camera lens and CCD are the same for all
measurements.

For the LP at an angle 0*= 0 and assuming ideal polarization elements, Eq. 1
becomes:

I 0 1 0 0 0 so
1 0 COS 2 20 cos20sin20 -sin2O S,

S2"  0 0 0 0 sin20cos2O sin 2 20 cos2O CD
s3 0 0 0 0 sin2O -cos2O 0()

(2)

The CCD measures the intensity so' but not the polarization state S' of tli,. 'ight.

s ,' is a function of the QWLR orientation E,

so (x'.y.e)=-(2so(x.y)+s(x.y)(1 +cos4O)+s 2 (x.y)sin4O-2s 3 (x.y)sn2O
4

(3)

Video frames of s o (x-, y', 0) are digitized at four different orientations E of the
QWLR. By orienting the QWLR at orientations that produce four linearly independent
equations in so(.x,y),s 1 (x, y),s 2 ( x ,y),s 3 (x,y), the four Stokes images are
calculated from the four measured images so"(x, y, 0 1 ),s 0 ' I (x,y, 02),
So'(X, IY, 03),1 So'(X,- Y ,-04).

The QWLR is necessary to obtain the third Stokes parameter s 3 because a polarimeter
consisting of only a LP can measure only so, s I, S 2 .
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One data acquisition routine which provides a particularly simple set of inversion
equations orients the QWLR at angles 0 = 45". -450, 67.5", 90'. The four Stokes
images are obtained from the equations

so(x, y) = so'(x', y', 450) + so'(x'. y', -450), (4)

sI(x,y)=2so'(x',y',90')-So'(X',y",45*)-So'(x',y',-45°), (5)

s2 (x. y) = (1I +,%i2)So'(x' I'" -ISO) -s (1I -.1'2)So'(X" '. -45°)

+2so'(x',y',90')-4so'(x'.y',67.50), (6)

s3(x, y) = so'(x', y', -45" ) -so'(x', y', 45). (7)

While images acquired at QWLR angles of 0 = 45", -450, 67.50, 900, simplify the
data reduction, they do not measure all four Stokes parameters with equal accuracy. The
first two measurements at 0 = 45* and 0 = -45* involve only s0 and s 3, while the
measurement ate = 67.5" involves so, s 1, s2 and s3 , and 0 = 90* involves only so and s 1 .

Therefore s o and s 3 are determined from two measurements, s , is determined from three
measurements, and s 2 is determined from four.

Two diffeFent methods have been developed to calculate the Stokes images. In the first
method the so '(0 , x, y) frames are added and subtracted in the Data Translation
DT2861 frame grabber board, according to Eqs. 4-7. The accuracy of this method is
restricted by the DT2861 frame grabber board since it performs integer arithmetic with 8
bits. If an addition, multiplication or subtraction results in a pixel level above 255 or below
0, the-value will become 0 or 255. For this reason levels in the so "(0, x, y) image
contrast must be compressed by a factor of at least four with a corresponding loss of
accuracy.

The second method performs the Stokes vector calculations as floating point
calculations in computer memory. This does not require contrast compression but takes
longer to calculate. The arrays containing the Stokes images are then shipped back over
the computer bus to the frame buffers of the DT2861 board, where the images are
displayed. Presently, the four Stokes vector images are calculated in about 15 sec. by
method 1 and about 3 min. by method 2.

The Stokes images contain intensity as well as polarization information, all as a function
of image coordinate. The zeroth Stokes image so (x, y) is the intensity image and is
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always positive. The first, second and third Stokes images can be positive or negative, so
the images are displayed with zero as 128. Positive values of s , s2 s3 are displayed from
129 to 255, and negative values from 0 to 127, requiring a contrast compression of two.

A number of other useful measures of polarization can be displayed as images. The
degree of polarization DOP is a measure of the overall polarization of the light. It is
defined as

DOP (8)
SO

DOP varies from zero for unpolarized light to one for polarized light.
The degree of linear polarization DOLP is a measure of the amount of linear

polarization

DOL -- S -s 2 (9)SO

DOLP is zero for unpolarized or circularly polarized light and is one for linearly polarized
* lig-ht.

The degree of circular polarization DOCP is a measure of the amount of circular
polarization

DOCP =Ils31 (10)
So

DOCIP is zero for unpolarized and linearly polarized light and one for right or left circularly
polarized light.

Two other definitions.are necessary to specify a polarization ellipse. The eccentricity x
of the-polarization ellipse is

× arcsin s 3 s--s

and the orientation a of the major axis of the polarization ellipse is

I
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a = arctan - . (12)

One useful display of polarization aberration is graphical maps containing arrays of
'polarization ellipses representing the average polarization of regions of the wavefront, such
as is shown in Figure 3.

Similarly images of DOP (x, y), DOLP (x .7) and DOCP (x, .) can be displayed with
256 grey levels or in false color.

3. Mueller matrix imaging polarimeter

Mueller matrix polarimeters have been built to measure the Mueller matrix of
polarizing elements as a function of wavelength,11 to measure Mueller matrices at laser
wavelengths,12 and to measure the Mueller matrices of scattered light.13,14 The UAH
Mueller matrix imaging polarimeter will measure the Mueller matrix as a function of exit
pupil coordinate or image coordinate of an optical system.

The Mueller matrices describing optical systems are in general functions of object and
pupil coordinate. Each ray path through an optical system will have slightly different
polarizing properties because of different angles of incidence-and orientations of its plane
of incidence at thin films and different directions and path lengths through birefringent or
dichroic materials. The polarization aberration function M (h . p, X) for an optical system
is a Mueller matrix as a-function of object coordinate h, pupil coordinate p, and
wavelength %.1,2 The spatial dependence of the Mueller matrix gives rise to polarization
aberrations at the exit pupil of the optical system.1-4 The Mueller matrix imaging
polarimeter measures the spatial dependence of the Mueller matrix for a set of ray paths
through an optical system under test.

The UAH imaging polarimeter uses a collimated quasimonochromatic light source and
two QWLR - LP pairs in conjunction with a CCD camera (see figure 2). Each pixel of the
CCD camera measures the Mueller matrix for a particular ray path through the optical
system. The light from the source is collimated and passes through a LP at a fixed
orientation angle, then a QWLR mounted to a rotary stage. The light source and the
LP/QWLR pair comprise the polarization generator. Lenses then prepare the appropriate
input spherical wave for the optical system under test, where the polarization of each ray
will be altered according to the Mueller matrix for that particular ray path. The light is
recollimated and enters the Stokes imaging polarimeter. The camera is focused either on

7
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the exit pupil of the optical system or its image plane. By fixing the orientation of the two
linear polarizers, the imaging polarimeter becomes insulated from instrumental
polarization before the first polarizer and after the final polarizer.

Any optics between the polarizers used to reshape the wavefront may introduce
additional instrumental polarization. This potential systematic error must be compensated
for in the calibration and data reduction if the polarization contribution from these
elements are substantial.

Our Mueller matrix imaging polarimeter will use a variation of the method proposed by
Azzam 15 and expanded by others 16,17 to calculate the Mueller matrices from the raw
polarimetric data. In Azzam's method, the orientation of the two linear polarizers are fixed
and a series of at least 24 images are recorded with different retarder settings. The first
image-is acquired with the transmission axes of the polarizers and the fast axes of the
retarders all parallel. Between image measurements, the first retarder is rotated by A0
and the second retarder by 5 A 0 until the first retarder has rotated through 1800. For
example, if the generating retarder is rotated in increments of 5 degrees, the analyzing
retarder is rotated in 25 degree increments. This generates an intensity modulation at each
pixel in the images. The polarization information is encoded on the first twelve harmonics
and the dc component, so a minimum of twenty four images are needed over 180 degrees
to sample the twelfth harmonic. The Fourier coefficients are calculated with the- discrete
Fourier transform at each pixel. The Fourier coefficients are manipulated to obtain the
sixteen elements of the Mueller matrix associated with each pixel.

The Mueller matrix can be displayed as images of the individual matrix elements, or in
other related polarization output. Our principal interest is to display the linear retardance
and linear diattenuation in image form.

4. Calibration issues of an imaging polarimeter

Imaging polarimeters which take accurate data are very difficult to build. It is easy to
buy the components and assemble an instrument. It is a long arduous project to align and
calibrate the polarimeter, write software to acquire and reduce the data, and address
meaningful optical metrology problems. In-this section, the issues of bootstrap calibration,
drift, moving objects, element wedge, angle of inciaence dependence in the polarization
elements, and instrumental polarization, are discussed.

If the Mueller matrices for the polarizers and retarders used in the polarimeter differ
from their ideal values in Eq. 2, then the data reduction routines (Eq. 4-7) should be
modified to take their actual behavior into account. Commercially available polarizers and

* 8
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* retarders are not specified well enough by the vendors to accurately estimate their Mueller

matrices, nor are instruments or test services readily available to measure these Mueller
matrices. Retarders are never exactly a quarter wave. Polarizers always have some
leakage. Retarder and polarizer characteristics vary with wavelength and angle of
incidence. Retarders display somediattenuation. Polarizers display some retardance.
Linear polarizers or linear retarders may actually be elliptical.

Without sufficient prior knowledge of the properties of the polarization elements, a
bootstrap calibration needs to performed, i. e. a calibration started using retarders and
polarizers with unknown properties. The calibration should make the fewest number of
assumptions about the polarizing elements and utilize methods that are relatively
insensitive to the weakest assumptions. Once an accurate Mueller matrix polarimeter is

* operating, it can be used to calibrate polarization elements for other polarimeters, greatly
simplifying the exacting task of construction an accurate imaging polarimeter.

Preliminary calibration has been done on the UAH imaging Stokes polarimeter.
* Polarizer calibration assumed that the polarizers only display diattenuation. The

transmittance of the transmission axis and the absorption axis of polarizers were measured.
Two similar polarizers were calibrated in this way were then used to calibrate the retarders.
The first nine elements mi through m 33 of the retarder Mueller matrix were measured
by rotating the polarizers at a 3:1 ratio on either side of the QWLR. The resulting intensity
modulation has four harmonics and a dc term in its Fourier series which will solve for the
nine Mueller matrix elements. The-linear retardance and linear diattenuation can be
obtained from these nine Mueller matrix components assuming there is no circular
retardance. Circular retardance does occur in multiple element linear retarders when the
fast axes of the linearly birefringent elements are not exactly 0 0 or 90 0 apart. To test for
circular retardance, the QWLR was placed between two crossed linear polarizers with its
fast parallel to the transmission axis of the first polarizer. If circular retardance is present,
the electric field vector is rotated slightly, so that the final polarizer must be :otated to
locate the null. No circular retardance was observed in these retarders, but we have
detected it in other linear retarders. If circular retardance is observed, the remaining seven
components of the QWLR Mueller matrix should be measured. A method to measure
these components is described in reference 18.

The next issue is drift. The imaging polarimeters discussed here take measurements
sequentially in time. Any change in source intensity or any drift in camera sensitivity
during the measurement sequence is interpreted as polarization, albeit spurious
polarization.

Similar problems arise in polarization measurements of a moving object. Consider how
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digital image processors calculate derivatives. A partial derivative of the image intensity in
the x direction is calculated by shifting the image in the x direction and subtracted the
image from itself. The imaging polarimeter performs data reduction by adding and
subtracting images. A moving object in the scene introduces spurious contributions into
the Stokes images proportional-to the resulting intensity derivatives. These intensity
gradients are often greatest around the objects edges, but edges are where many objects
have their greatest polarization signatures. Fortunately, in optical system polarimetric
metrology, our subject is usually a fixed optical system arid the intensity gradients are
generally small. Thus, far more accurate polarimetry is possible in this setting than in
remote sensing or tactical polarimetry.

The faces of the QWLR need to be highly parallel because wedge in a rotating element
generates beam wander. If the retarder is slightly prismatic, the image will move in a circle
on the CCD resulting in a spatial misregistration and image derivatives. Large amounts of
beam wander can be partially cumpensated by carefully shifting the measured images in
software, but this correction cannot be performed at the fractional pixel level.

If light propagates at substantial angles through the polarization generator and the
polarization analyzer, the field angle dependence of the polarizers and the retarders has to
be treated as systematic error. For exit pupil measurements, each pixel on the CCD will
corresponds to a different angle through the polarization components. A straightforward
compensation can be performed which used the Mueller matrices as a function of
propagation direction in the data reduction.

* The instrumental polarization due to wavefront shaping optics within the polarimeter
may require compensation during data reduction. Their instrumental polarization will
have to be determined each time a new optical system is configured within the sample
compartment, so standardized methods for removing this systematic error should be
developed.

5. Typical polarization aberration mechanisms

The objective of the UAH imaging polarimeter is to study polarization aberration in
optical components and optical systems. Polarization aberration contributions from optical
elements can be conveniently grouped into two categories: instrumental polarization and
nonideal polarization. The first category, "instrumental polarization" is due to optical
elements which are not intended to control polarization such as lenses, mirrors and prisms.
These elements usually have weak polarization. The other category, "nonideal
polarization," is the deviation in performance of elements used to control polarization

10
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from-their ideal characteristics. Several examples of polarization aberration problems are
mentioned-here, microscope objectives, mirrors, coating thickness variations, field
dependence in retarders, and polarizing beam splitters.

The classic example of polarization aberration is the instrumental polarization of
microscope objectives in polarization microscopy. 19,20 The Fresnel transmission
coefficients cause a lens to act with a radially oriented linear diattenuation which increases
quadratically from the center of the pupil. This causes a rotation of the plane of
polarization in four corners of the pupil when linearly polarized light is incident. The
objective lens of a microscope contributes a substantial leakage in a "Maltese cross" pattern
when located between crossed polarizers.

Metal mirrors introduce linear retardance due to the difference between s and p phase
shifts upon reflection along with a lesser amount of linear diattenuation. Figure 3 shows a
polarization ray trace calculation of a f/0.5 parabolic mirror coated with aluminum
illuminated with circularly polarized incident light. At the center of the mirror, where the
rays are normally incident, there is no difference in phase shift between s and p light. The
handedness of the circular polarization changes upon reflection. At the edge of the mirror
the linear retardanceapproaches a quarter wave with the effect of coupling circular
polarized light to neariy linearly polarized light oriented at 45 *to the p plane. Another
example of instrumental polarization from mirrors is the very large polarization effects with
grazing incidence telescopes such as the Advanced X-ray Astrophysical Facility (AXAF)
telescope under development by NASA.2 1

Polarization aberration results from variations in multi-layer thin film coatings
thicknesses. For instance, with coatings of ten to thirty layers, the retardance can vary tens
ef degrees over an f/2 parabolic-mirror due to coating thickness variations and angle of
incidence variations. 22

The second category of polarization aberration is nonideal polarization from elements
designed to control polarization including polarizers, retarders and polarizing beam
splitters.

Several characteristics of birefringent retarders introduce polarization aberration in
optical systems. First, the thickness of the birefringent material may be wrong or even
wedged, yielding an incorrect or spatially varying retardance. The crystal axis can be
misoriented relative to the faces or the mount. The retarder can be misaligned in the
optical system, either tilted or with its fast axis at the wrong orientation.

Three other problems with retarders are more fundamental, field dependence,
diattenuation, and birefraction.

Figure 4 shows how the extraordinary refractive index and the retardance varies with the

1li
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I-.

direction of the incident light. Different parts of a spherical wave propagating thro)ugh a
birefringent retarder experie nce differefit retardances yielding polarization aberrz- t.on.

Retarders have some weak diattenuation, both in their bulk absorption spectrut: and
from the difference in Fresnel losses between the ordinary and extraordinary rays at the
i;nterfaces. Anti-reflection coatings, carefully selected, can greatly reduce -the diattenuation
from birefringent interfaces.

Figure -5 shows the birefraction or double refraction in birefringent retarders and
uniaxial media. The crystal axis is represented by c. If the propagation vector in the
crystal is not Parallel or perpendicular to the crystal axis of the uniaxial media, the ordinary
and extraordinary rays take divergent paths. This causes two crescents on the edges of the
beam to'have different polarization states from the main beam. Fig. 5 shows two cases of
illumination of a quarter wave retarder at different angles of incidence with beams linearly
polarized at 45o* with respect to the fast axis. In the first case, the beam is-normally
incident-and the entire transmitted beam is circularly polarized. In the bottom example,
the beam is not nor mally incident. Since-the refractive indices-for the extraordinary and
ordinary rays, represented by the lines and dots respectively, are different, the two rays are
refracted at different angles. The transmitted beam has the desired polarization Where the
two beamis overlap. The-crescent-shaped areas along either edge of the light bundle
contain light polarized in the cigen-polarization states of the medium.

Polarizing beam splitters are notorious for causing systems problems due to nonideal
polarization. A ideal polarizing beamr splitter reflects all the s polarized light and transmits
all the p polarized -light. In many applications, such as digital optical computers, a field of
view of many degrees is required, so the- reflection and transmission coefficients should be
nearly constant over this range Qf field angles. Since-the light is at non-normal incidence at
the beam splitting interface, the reflection-and transmission coefficients can vary linearly in
the angle ofircidence. This makes polarizing beam splitters -intrinsically- more angle of
incidence sensitive than mirror or lens coatings which can show variation to only second
order about normal incidence. We have yet to see a good polarizing beam splitter and are
interested if there are fundamental limitations on the field of view performance of
polarizing beam- splitters.

12
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6. Conclusion

The imaging polarimeter is, a tool to measure the instrumental polarization of optical
systems and calibrate polarization elements. It measures polarization properties associated
with ray paths through optical systems. It can also determine the polarization state
structure of an image. It provides, via CCD camera and image processing system, graphical
maps of polarization information. It can be used to assist in the alignment of polarization
critical optical systems. Finally it is needed for comparative data on the performance of
polarizing elements, where it can simultaneously display performance as a function of field
of view in an image format.

It is easy in principle to assemble an imaging polarimeter, but quite difficult to obtain
accurate results. Each of the calibr.ttion issues is time consuming, and often maddeningly
coupled into each other.

Currently the UAH imaging polarimeter is able to measure Stokes images, degree of
polarization images, degree of linear ,P!arization images, degree of circular polarization

- images, and images showing the orient tion-of the major axis of a polarization ellipse. A
preliminary calibration has been done on the QWLR and LP at 633 nm. Soon, the
polarimeter will measure Mueller matrices at 633 nm and 849 nm. A study on the
performance of polarizing beam splitter cubes as a function of field angle is in progress.
We also intend to study depolarization, the coupling of polarized light into unpolarized
light, in optical systems.
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Angular dependence of polarizing beam splitter cubes

Abstract

A method to measure the angular properties of polarizing beam splitters was developed for

characterizing polarizing beam splitters used in polarization based imaging systems.

Several performance characteristics, such as transmission, reflection, leakage, and variation

of the orientation of linear polarization were measured with an imaging polarimeter.

Measurements were made over a 100 range of angle of incidence simultaneously on three

commercially available polarizing beam splitters, and one specifically designed for a wide

angmlar field of view. Variation of the orientation of linear polarization of polarizing beam

,plitters is described. Derivation of the Mueller matrix of a polarizing beam splitter is

provided in an Appendix.

I. Introduction

An ideal polarizing beam splitter divides the incident light into s and p polarization

states. transmitting the p polarized component and reflecting the s polarized component.

Polarizing beam splitters have a limited range of angle of incidence and wavelength for

which they are effective. Typically, polarizing beam splitter designs are optimized to

provide a large spectral range within a small angular field of view. For example, the

N'lacneille polarizing beam splitter design achieves extinction ratios of greater than 100:1,
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but.the beam must be collimated to within *2° of the entrance face normal.[1][2]

Applications which involve imaging or non-collimated light, however, may require the

polarizing beam splitter to have a wide field of view, often with quasimonochromatic light.

The angular behavior of polarizing beamsplitters is the subject of this paper. The

objective is to characterize polarizing beam splitter behavior in polarization based imaging

systems, specifically optical computers. For example, several free space optical

* linterconnects utilize the polarizing beam splitter's four port access to losslessly interlace

and divide arrays of beams carrying logic information.[3][4][5][6][7][8] In these systems,

2-D logic arrays are interconnected by imaging arrays of spots (generated by binary phase

"ratings) from one device to the next. The logic devices are situated in image planes and

the polarizing beam splitters are located in planes at or near the pupil where the light is

collimated. Collimated light from-each element of a logic array passes through the

polarizing beam splitters at a different angle. Presently, the above referenced systems

operate at =3" field of view, but future systems will be extended to the largest fields of view

permissible,- 10' or more. Since most system designs require each beam to pass through

several polarizing beam splitters, the system efficiency depends on the angular response of

the polarizing beam splitters. Furthermore, light incorrectly divided at the polarizing beam

splitter will usually be imaged onto an incorrect logic element or detector.

This paper introduces phenomenological data taken on three commercially available

polarizing beam splitters and one polarizing beam splitter specifically designed for a field

of view of:-:7°[9/. Six performance parameters are measured for each polarizing beam

splitter using an imaging polarimeter[lO]. The polarizing beam splitters are measured in

3l transmission and reflection over a *10° field of view.

One aspect of polarizing beam splitters examined by this paper is the dependence ofI
I
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I orientation of linear polarization on ray angle of incidence. In Section II we provide a

concise explanation of how and why the orientation of linear polarization in the reflected

and transmitted beams depend on ray angle of incidence. Section III introduces the six

figures of merit which we measured on each of the four polarizing beam splitters. Section

IV describes our imaging polarimeter and the procedures used to measure the angular

dependence of the polarizing beam splitters. Section V presents the data on the polarizing

beam splitters. Finally, Appendix A derives the Mueller matrix of a polarizing beam

splitter in transmission and reflection in terms of the complex transmission and reflection

coefficients of the beamsplitting interface, relating our measurements, the Mueller

calculus, and the quantities calculated by thin film analysis codes, s and p reflectance,

transmittance, and phase difference.

If. Variation of the Orientation of Linear Polarization

A polarizing beam splitter cube is formed by coating the hypotenuse face of an

isosceles right-angled prism with a number of thin-film layers and then cementing it to an

identical uncoated prism. The usual design of the multi-layer has been of the form initially

devised by Macneal 11] and consists of alternate layers of a high and a low refractive index

material. The optical thickness of each layer is equal to a quarter of the design wavelength

at the angle of refraction in that layer, and the refractive indices of the thin-film materials

as well as that of the substrate are chosen so that the light is incident upon each of the

I multi-layer at the Brewster angle [11][121[13]. Due to Brewster's condition the

reflectance of the p polarization approaches zero while the reflectance of the s polarization

remains high. Angles of incidence different from 450, however, changes the optical path
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length from the quarter wave configuration, and Brewster's condition no longer holds.

This causes a leakage of s polarization in transmission and p polarization in reflection.

References [141[151 contain two different approaches to polarizing beam splitter

multi-layer design to increase the angular range for which the p transmittance and s

reflectance remain high.

The orientation of linear polarization transmitted from a polarizing beam splitter is

dependent onl the ray angle of incidence. If a spherical wave of unpolarized light is incident

on a polarizing beam splitter, the reflected and transmitted beams will have a spatially

varying linear polarization. This is because the orientation of linear polarization of a

polarizing beam splitter aligns with the plane of incidence (p plane) in transmission and the

s direction in reflection, while the s and p orientations depend on the ray's angle of

incidence.

Figure I introduces a coordinate system for a polarizing beam splitter cube, Ihe

orioin is centered on the entrance face with the z axis normal to the face. The beam

splitting interface normal lies in the x-z plane and is 450 from the z axis. The direction of

an incident ray is specified by its refracted direction cosines (I. m. n) where l = cosct,

In = cos fi and n = cos y and - 2 + ni 2 + n 1. a, 3, andy are illustrated in Figure 1. For

rays incident such that [3 = 90', the p direction is parallel to the x-z plane (we will refer to

this as the horizontal plane) and the s direction aligns with the y-z plane (vertical). For

angles of incidence in which 3 > 900, the p plane rotates counterclockwise with the respect

ito the horizontal, while for 13 < 900 it rotates clockwise. Figure 2 illustrates the orientation

of s and p directions as functions of the direction cosines of the incident rays. In Figure 2,

increases from 90' in the positive x direction and 13 increases from 90 in the positive y

direction. The thin cross hairs are parallel with the horizontal and vertical planes (x-z and
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v-z planes in Figure 1). The large circles indicate the zones where the angles of incidence

are y 0 5° and y = 1 00. The-angle €is the angle between the p direction and the

horizontal x-z plane.

Consider an ideal polarizing beam splitter which transmits 100% of the p polarized

light andreflects 100% of-the s polarized light-for all angles of incidence. Two examples

readily illustrate the polarization aberration which polarizing beam splitters can introduce

in imaging systems: 1. a spherical wave of linearly polarized light, and 2. a polarizing beam
splitterat the pupil of an 4F opticalfiltering system. For the first case, consider light

uniformly polarized parallel to the x-z plane focused through a polarizing beam splitter.

Thesituation is illustrated in Figure 3. The s-p coordinates rotate for rays in which

S= 900• 'Fe intensity ofeach ray transmitted depends on the angle p between the linear

polarization- direction-of the incident ray and the-p direction at the beamsplitting interface.

According to- Malus'sIaw-the transmitted intensity of a ray is[ -- I (b) = /0 Cos24 (I1)

where is-a function of the-incident rays-direction cosines, and l o is the incident intensity.

Eqn. All in Appendix A contains-ananalytic- expr,-ssion -for _(1, m. n). An ideal

polarizing beam splitte;" cube introduces apodization and a spatial variation of linear

polarization- orientation, aligned with p or s directions, in-the transmitted and reflected

beam,

For the second example, consider a polarizing beam splitter situated between infinite

conjugate objectandimageplanes. Each object point is linearly polarized parallel to the

iorizontal plane. Since light-from each object point is collimated before entering the

polarizing beam splitter, every ray from a-given object point encounters the same s-p

coordinate orientation. In this-situation, the polarization- state from each object point is
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transformed uniformly by the polarizing beam splitter. Figure 4 shows how the

polarization direction of a set of linearly polarized object points are rotated by the

polarizing beam splitter. The intensity of each object point is transmitted by the

polarizing beam slitter according to(

I(¢) = /oCos2() (2)

where 4) is again the rotation of the p direction from the horizontal plane, and the

direction cosines specify a plane wave direction. The polarizing beam splitter introduces a

nonuniform intensity distribution in the image plane and variation of polarization direction

across the i mage.

The transmission and reflection properties of a polarizing beam splitter can be

written in terms of its Mueller matrix which is a function of wavelength and angle of

incidence. Appendix A derives the Mueller matrices in transmission and reflection of a

polarizing beam splitter in terms of the parameters generally calculated by thin film

analysis programs. the s and-p transmittance and reflectance, and the retardance in

transmission and reflection. These Mueller matrices include the effect of the rotation of

,-p coordinates with incident angle and may be used to facilitate theoretical comparisons of

experimental results.

11I. Figures of merit for a polarizing beam splitter

In this section, six figures of merit which characterize the performance of polarizing

beam splitters are defined. Measurements of these figures-of merit are reported in section

V.

Th[Ie ficures of merit defined in this section are measurements which determine how a

polarizing beam splitter transmits and reflects two incident polarization states. The first

polarization state is linearly polarized parallel to the horizontal x-z plane and the second is
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3 parallel to the vertical y-z plane (refer to Figure 1). We will refer to these directions as

horizontal A and vertical 0. For an axial ray along the z axis the h is aligned with p

3l direction and the 0 direction aligns with the s direction.

The figures of merit are measured as functions of direction cosines (L, r, n) defined

in Figure 1. The measurements are shown in Figures 6 - 9. The figures of meritare:

1. Transmission efficiency TE - the fraction of linearly polarized light in the /i.irection

which is transmitted into the istate.

2. Transmission couplance TC - the fraction of incident linearly polarized light i1i the ?

direction that is transmittedinto the Cstate.

3. Transmission leakage T L - the fraction of linearly polarized light in the Cdirection

that is transmitted.

4. Reflection efficiency R E- the fraction of linearly polarized light in the Cdirection that

3 is transmitted into the 6state.

5. Relection COtIplance RC- the fraction of linearly polarized light in the Cdirection

that is reflected into the istate.

). Reflection leakage RI; -the fraction of linearly polarized light in the /direction that

is reflected.

3ransmission and reflection efficiency represents the fraction of light that takes the

correct path at the polarizing beam splitter and remains in the correct polarization state.

Transmission and reflection leakage gives the fraction of light that takes the incorrect path

at the polarizing beam splitter. Transmission and reflection couplance is the fraction of

light that takes the correct path, but is coupled into the orthogonal polarization direction.

The complete experimental polarization description of a polarization element is in

terms of the Mueller Matrix. The Mueller matrix for a polarizing-beam splitter in
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transmission is m1, and-the Mueller matrix for -eflection is NIr, both of which are functions

of wavelength and angle of incidence.

= 21  ni 22  M12 3 In M 4 rr22  Ill ') /n.
\l, in'.,. m m .tn ',, 31; rr32 rr 3z 3 4I-r~m m' in ) , m ;, m~2 m',3 ,;4

KI m4 1 ni 2 m4 3 m/ 4  M MF 2  nr 3 Mr 4

(3)

Although the Mueller matrices provide a complete description, they are not necessarily the

clearest or most appropriate description for all purposes. For polarizing beam splitters, the

Six figures of-merit are readily measured and convey the most important information. The

relationship of each figure of-merit to the corresponding Mueller matrix elements is given

in Table 1. The relationship of the figure of merit to the complex amplitude transmission

and reflection coefficients are also given in Table 1. The corresponding deri',ations are

given in Appendix A.

IV. Imaging polarimeter configuration and measurement procedure

Figure 3 shows the configuration of an imaging polarimeter used to-measure the

angular dependence of a polarizing beam splitter. The light source is a 850 nm wavelength

diode laser. The beam is focused on a rotating ground glass disk to scramble the temporal

coherence of the beam. The beam is collimated and passes through a silver glass polarizer

(the polarization state generator) which is mounted in a rotary stage. A lens prepares a

converging spherical wave with a 100 half angle and is incident on the polarizing beam

\,plitter. The beam transmitted (reflected) by the polarizing beam splitter ih collimated and

passes through a second silver glass polarizer (polarization state analyzer). By moving the
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polarizer/camerathe same polarizer and camera are used to make measurements both in

transmission and reflection.

The aperture stop (see Figure 3) of the system is imaged onto the ccd. Accordingly,

each pixel represents an angular ray path though the polarizing beam splitter with direction

cosines (1, , ). By measuring the polarizing properties on a pixel by pixel basis the

polarizing beam splitter is characterized as a function of the direction cosines of incident

light.

Each image is converted into a reduced resolution data set by collapsing 4 x 5 pixel

regions into single pixels (supet-pixels). The unequal dimensions of the averaged pixels

compensate for the 5:4 aspect ratio of the ccd. Super-pixels also reduce the intensity

variation due to speckle on the ccd and decrease the effect of beam wander due to any

wedge (prism) in the rotating polarization elements. High spatial resolution is not

important for these measurements since the field of view dependence of polarizing beam

splitter cubes varies slowly with angle of incidence.

To control system operation, capture and process images, and display the results, a

PC 386 computer is used with the following peripherals: a 512 X 512 video frame grabber

board with 8-bit resolution in conjunction with a visible/near infrared monochrome ccd

camera. Data reduction is performed with high precision floating point processing in PC

memory. A color monitor is used to display measured frames in false color.

V Measurements of the polarizing beam splitter

Six figures of merit, described in section III, were-made on four differenft polarizing

beam splitters. The plots in Figures 6-9 are measures of the angular dependence over a
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:E100 field of view. Figures 6-8 contain measurements made on three different

commercially-available polarizing beam splitters from Melles-Griot, Newport and CVI.

Measurements on a polarizing beam splitter designed at AT&T Bell Labs specifically to

operate over a *7° field of view is shown in Figure 9.

Each figure of merit involves two measurements. In the first measurement, the

polarization analyzer and generator are oriented with their transmission axes along the

horizontal . or vertical 9 directions (refer to Figure 1), according to which figure of merit is

to be measured. An image of the exit pupil is digitized and stored. The image is then

divided by the-total incident intensity to obtain the fraction of light transmitted or reflected

from the polarizing beam splitter cube.

The coordinate system used in these plots is common to both the plots and the

polarizing beam splitter shown in Figure 1. Direction cosine a 1 increases from 900 1

in the positive x direction, [3 1 increases from 90* 1 in the positive y direction and y I

increases from 0 * I radially. The large circles indicate the zones where the angles of

incidence are y = 5 ° and y = 100. The data is plotted as functions of angle of incidence on

the entrance face of the cube (in air).

p The polarizing beam splitters were measured with incident horizontal and vertical

polarized light, i.e. polarized in the x-z and y-z planes (refer to Figure 1). Along the x axis,

the.s-p coordinates align with the vertical and horizontal directions i.e., along the x axis the

s and p transmittances and s and p reflectances (a5., a , I, as.r, ap.r) of the multi-layer

are represented. The positive x axis corresponds to an increase in angle of incidence a

beam makes with the normal to the beam splitting interface, as large as 55* in air, in the

positive x direction, and as small as 35" in the negative x direction. We will now

concentrate our discussion along the x axis.



12

The polarizing beam splitters exhibited much Wider angular bandwidth for s

polarization than p polarization. The angular response of p polarized light varied widely

among the measured polarizing beam splitters. Here angles of incidence will be~given

relative to the entrance face normal, positive angles increasing in the positive x direction.

The Melles-Griot cube exhibited three p state transmission peaks at -10", -2° and 90 (Figure

6a). Multiple maxima are indicative of field widening. Transmission falls to under 80% at

50. The s reflectance was very constant over the measured angular range, about 96%

(Figure 6b). A p reflectance maximum is found at 5* (Figure 6c), corresponding to the

decrease in p transmission at 50. The s transmittance (Figure 6d) was below 1% for all

angles of incidence. As expected, coupling between s and p polarizations was very small,

below I% (Figures 6e, 6f). Coupling between s and p not expected since the beamsplitting

interface is isotropic and homogeneous.

The Newport polarizing beam splitter exhibited a flat angular response to p

polarization for positive angles of incidence in transmission, but the p transmittance fell to

22% at -10 (Figure 7a). The s reflectance of was 96% from -10° to 100 (Figure 7b). A

sharp increase in p reflectance occurs in the negative direction (Figure 7c), explaining the

sharp decrease off observed in transmission. S transmittance was-small and angle

insensitive (Figure 7d). The couplance between s and p polarizations is below 1% (Figure

7e, 7f).

The p transmittance of the CVI polarizing beam splitter peaked at 91% and

decreases rapidly in both directions (Figure 7a). The s reflectance was nearly 98% over the

range of angle of incidence (Figure 7b). The p reflectance increases correspond to the p

transmittance decreases (Figure 7c). S transmittance was under 1% for all angles of

incidence (Figure 7d). Couplance between s and p is below 1%.
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The AT&T polarizing beam splitter was designed to.operate.over a *70 field of view.

P transmittance was greater than 96% form -100 to 7*. The s reflectance varied from 97%

at -10" to 91% at 10. The p reflectance exhibits an increase from 1% at 5* to 7% at 100,

and is under 1% everywhere else. The s transmittance increases from 2% at 5' to 6% at

100. The couplance between s and p is under 1%.

The orientation of s and p directions change at the beam splitting interface for angles

of incidence in which yo 0. This property, explained in detail in section II, is inherent to the

geometry of the polarizing beam splitter cube and degrades the performance in several

ways. First, the efficiency at which the polarizing beam splitters transmitted horizontally

polarized light and reflected vertically polarized light was decreased (Figures 6-9, a,b).

Second, the leakage of horizontally polarized light in reflection and vertically polarized

light in transmission increased (Figures 6-9, c,d). Finally, transmitted horizontally

polarized light was coupled into vertical and reflected vertically polarized light was coupled

into horizontal (Figures 6-9, e,f).

The polarization purity of transmitted and reflected beams is influenced by both

transmittance and reflectance variations of the beamsplitting interface and the varying

orientation of s-p coordinates. For example, for the Melles-Griot polarizing beam splitter

the purity ot transmitted horizontally polarized light variations for horizontally polarized

light incident, the purity of transmitted horizontally polarized light varies between 160:1 to

130:1. The orientation variation causes a dramatic drop in polarization purity down to

30:1. In reflection, the polarization purity along the x axis remains constant at about 300:1,

but drops to 20:1 due to the rotation of s-p directions.

The accuracy of our measurements are limited by the A-D conversion of the 8-bit

camera used. We have not attempted to verify our measurements theoretically from the
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equations in Appendix A, as. the.thin film.designs of.the polarizing beam splitters are not

available to us. The measurements serve to show the over-all angular behavior of the cube

and to demonstrate the spatial variation of linear polarization inherent to polarizing beam

splitters. The occasional abrupt changes in the data may be due to coating thickness

variations and\or experimental error.

V. Summary

An examination of several polarizing beam splitter cubes has shown that all are far

from their ideal performance. The polarizing beam splitter cube is intended to divide the

incident beam based on its polarization state. In its usual orientation (beamrsplitting

interface normal in the plane parallel to our optical table), it should transmit the horizontal

component of the incident light, and reflect the vertical component. However, a fraction of

the vertically polarized light is leaked in transmission, a fraction of horizontally polarized

light is reflected, and some-fraction of the light which takes the intended path has its plane

of polarization rotated.

The shortcomings of any polarizing beam splitter has its source in several places, (1)

the inherent geometry of the cube, (2) the transmission and reflection coefficients for the

interface, and (3)-fabrication and tolerancing difficulties.

The inherent geometry of the polarizing beam splitter cube arises because the

polarizing beam splitter performs its taskzin the local s-p coordinate system, and not in the

global x-y coordinate system. If we were to illuminate it with a beam with the correct

l spatial variation of polarization, the ideal cube would transmit all of the p-component, and

reflect all the s-component, and divide our beams exactly as desired.



The-second shortcoming arises because the reflecting and transmitting properties of

the interface, its Fresnel coefficients or amplitude transmission relations, vary with angle of

incidence and wavelength. There can only be a limited angular bandwidth and wavelength

bandwidth over which acceptable performance is achieved. In our data sets, the variations

of the Fresnel coefficients with angle of incidence is clearly measured along the x-axis of

our graphs. As the angle of incidence decreases, the performance tends to decrease

rapidly, as it must. At zero angle of incidence, a homogeneous and isotropic thin film

coating cannot function as a polarizing beamsplitting interface. Performance tends to stay

good for much further toward increasing angle of incidence. Thus many of the polarizing

beam splitters are improved if we tilt them slightly to increase the internal angle of

incidence.

We see in the data the great pains taken by the thin film designers to increase the

fields of view. Several-cubes have Fresnel coefficients which dip, then come back up,

indicating that they have been optimized to have several peaks. This increases the overall

field, at the expense of performance near the center. (If the maxima were moved closer

together, it would operate better over a small field, than with the maxima further apart.)

Appendix A: Mueller matrix of a polarizing beam splitter

Here we derive the Mueller matrix for a non-depolarizing, polarizing beam splitter

and use the result to find the figures of meritlisted in Table 1 in terms of the complex

amplitude transmission and reflection coefficients of the beamsplitting interface.

The effect of an optical system (element) on the polarization of incident light is most

generally expressed by

S = MS (1.1)
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where S and s are the 4 x 1 Stokes vectors of the incident.and transmitted light,

respectively, and M is the 4 x 4 real Mueller matrix that characterizes the linear interaction

of the light with a polarizing optical element.[16] The elements of the Stokes vector are

defined as

S= 4 U(A.2)S 2 2<E ,><E,>cosy .

s3) (.2<Eh><E,>sin y

where 'h and E, are projections of the electric field on the hand 6 axes and y is the

difference in phase between the hand 0 polarizations. The Mueller matrix of an optical

system (element) is a function of wavelength and of the angles of the incident light. The

response of an optical system to a collection of spherical waves of arbitrary polarization is

generally treated on a ray by ray basis and can be written as a Mueller matrix 1M (H, p, X)

as a function of object coordinate T, pupil coordinate p, and wavelength 2.[17,18]

Two separate matrices are needed to describe field of view polarization properties of

a polarizing beam splitter cube: M, describes the beam splitter in transmission, and 1M,

characterizes it in reflection. The Mueller matrices in transmission and reflection for an

ideal polarizing beam splitter illuminated at normal incidence are:

(1 1 0 0 ~ 1 -1 00

1 1 1 0E0 1 10 02..l 0 0 0 0 2 0 0 00
(00 0 0)0 0 0 0

These are the Mueller matrices for a horizontal linear polarizer and a vertical linear

polarizer/16/, so the polarizing beam splitter transmits horizontally polarized light

S = (1.1.0.0) and reflects vertically polarized light S = (,- 1, 0, 0.
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In transmission, the Mueller matrix for a linear partial polarizer, which may also

display linear birefringence is [16]

A B 0 0

Ico= i (A.4)2 = 0 0 Ccos6t Csin6,

0 0 -Csin6, Ccos6t,

where

A = p. 1 e X)+P,.(O, X),
_ 2 2

A- pp.,(0,X)-p., t(0, X) , (A )

B=P2.((),Xp2.(A.5)

C =2p p"( 8 ' x)Ps"(e,'),

and p P,(O, X ) and p,.1 (0, ) are the amplitude transmittances for p and s light, and we

explicitly consider that the amplitude transmittance and retardance are functions of angle

of incidence and wavelength. 6, = 6 p,, - 6,,,, the difference in accumulated phase in

transmission between p and s components, is the linear retardance of the interface. 0 is the

refracted ray angle of incidence with respect to the surface normal of the beamsplitting

interface, given by

0(1,rm, n) = A rccos (At- /.6)

where (I. in. /) are the incident ray direction cosines in air and (1', m', n) are the

direction cosines in glass of the ray after refracting at the front face of the beamsplitter
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* cube given by

L =1, m =Mr, (A.7)

n=" 1 -nn, (A.8)

where n c is the index of refraction of the glass substrates and no is the index of refraction

before the cube (generally air).

In reflection, the Mueller matrix (Eqn. A4) is evaluated using the'reflection

parameters

A = P2,(Oe X) + P,.,(O, X),

B-;P2 ( , _7p2,,. , X. , (A.9)

C = 2 pp.,(O)Ps..r(' X),

and p p.r (0. X ) and P. r (0, X) are the reflectances for p and s light respectively, and 6, is

replaced with br, the linear retardance between p and s in reflection.

The incident and transmitted Stokes vectors are defined in 0 - h coordinates. To

apply the Mueller matrix on the Stokes vector, the Stokes vector must first be rotated into

local-s-p coordinates of the beamsplitting interface. This is accomplished by a simple

coordinate rotation about the -normal to the beamsplitting interface

S5.P = R()Sh.u, (A. 10)

where p is the angle between horizontal and p directions

.tm n) = Arccos("-sin ( m a)( + n)

R (f) is the matrix for a rotational change of basis for the Mueller calculus[16],
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Figure I Geometry'of a polarizing beam splitter. Side (a,b,c,d) is the entrance face.
(a,eg,d) is the beam splitting interface. The transmitted beam exits the face (fe,g) while
the reflected light exits at (b,e,g,c). An incident ray is identified by its direction cosines
(1, 71, 1) defined as I = cos a, m = cos 3, and n = cos y. ais the angle between the x axis
and the ray. 13 btween the y axis and the ray, y between the z axis and the ray. We refer to

the-x-z plane as the horizontal and the y-z plane is vertical. The origin of the x-y-z
coordinate system is located at the center of the entrance face. The cube is placed in the
imaging polarimeter with the horizontal plane parallel to the table top.

II Figure 2 Orientation of the s and p directions on the beansplitting interface of a
polarizing beam splitter plotted as a function of beam angle of incidence on the cube face.
The orientation of the beam splitting interface is shown in Figure 1. Figures 1 and 2 share
the same coordinate system. a increases from 900 in the positive x direction. 13 increases
from 90' in the positive y, and the large circles indicate the -zones where the angles of
incidence are y 5 0' andy = 100. Incident rays for which 3 > 900 involve a
counterclockwise rotation of s-p coordinates and rays in which 13 < 90* the rotation is
clockwise. The polarizing axis is parallel to the p direction in transmission and the s
direction-in reflection. Polarizing beam splitters have a spatially varying orientation of
linear polarization.

Figure 3 Polarization aberration introduced into a converging wavefront focued through
an ideal polarizing beam splitter. Incident on the polarizing beam splitter is a shperical
wave linearlv polarized in the horizontal x-z plane. The transmission axis of a polarizing
beam splitte'r depends on ray angle of incidence and is aligned with the p direction at the
beam splitting interface. The variation of p direction with angle of incidence is illustrated
in Figure 2. The incident polarization direction is shown in plot 3a, and the variation of
linear polarization across the transmited spherical wave is shown plot 3b. Variation of p
direction with angle of incidence introduces apodization and spatially varying linear
polarization into uniformly polarized spherical wavefronts.
Fi,_,ure 4 A ideal polarizing beam splitter is situated in collimated space between

conjugate planes. In this situation a polarizing beam splitter introduces intenstity
non-uniformity and polarization variation into the image. Light from each object point is
collimated and is incident at the polarizing beam splitter at different angle. The variation
of p direction with angle of incidence (described in Figure 2) introduces polarization
direction variation in the image plane.

Figure 5 Configuration of the Imaging Polarimeter used to measure four polarizing beam
splitters at 849nm over a -, 10* field of view. The source is a 849nm laser diode. The
dashed line shows the path of the chief ray. The stop of the system is imaged on to the
CCD detector and is at the lens located just after the polarizing beam splitter under test.
The polarizing beam splitter is characterized as a function of angle of incidence by
computing figures of merit on a pixel by pixel basis.I



I
23

Figure 6 Angular Performance of a Melles-Griot 830 nm polarizing beam splitter
measured at 850 nm. The plots on the left are for horizontally polarized incident light, the
plots on the right are for vertically-polarized incident light.

(,a) Transmission efficiency (h -4 ) (b) Reflection efficiency (0 -4 0)
(c) Reflection Leakage (h -4 h + v) (d) Transmission Leakage (0 -4 0- A)
(e) Transmission Couplance (h -4 0) (f) Reflection Couplance (0 - )

(a) (b) (c) (d) (e) (f)

Figure 7 Angular Performance of-a-Newport broad band polarizing beam splitter
measured at-850 nm. The plots on the left are for horizontally polarized incident light, the
plots on the right are for vertically polarized incident light. The plots are:

(a) Transmission efficiency (A -4 h) (b) Reflection efficiency (0 -4 0)
(c) Reflection Leakage (h -- h + v) (d) Transmission Leakage (0 - 0 + /)
(e) Transmission Couplance (h -- C) (f) Reflection Couplance (0 -- A)

(a) (b) (c)- (d) (e) (f)-

Figure 8 Angular Performance of a CVI polarizing beam splitter measured at 850 nm.
Tffe plots on the left are for horizontally polarized incident light, the plots on the right are
for vertically'polarized incident light. The plots are:

(a) Transmission efficiency (A -- h) (b) Reflection efficiency (0 - 0)
(c) Reflection Leakage (A -4 h + v) (d) Transmission Leakage (0 -4 C A)
(e) Transmission Couplance (A - 0) (f) Reflection Couplance (C -

(a) ()) (c) (d) (e) (f)

Figure 9 Angular Performance of a polarizing beam splitter desinged at AT&T Bell Labs
to operate over 70 field of view. Measurements made at 850 nm. The plots on the left are
for horizontally polarized incident light, the plots on the right are for vertically polarized
incident light. The plots are:

(a) Transmission efficiency (h -) (b) Reflection efficiency (0 --) 0)
(c) Reflection Leakage (h -4 + v) (d) Transmission Leakage (0 -4 0 + IA)
(e) Transmission Couplance (h -- 0) (f) Reflection Couplance (0 - A)

(a) (b) (c) (d) (e) (f)
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Figure of Merit Corresponding Mueller matrix Corresponding amplitude coefficient
expression expression

Transmission efficiency
(,(a.13) + +i, p ,cos' p+ -P -sin4  

- 2p p,.1nc2+..o

Transmission leakage
7"L(a, ,) I 1  -, 22p

(i (P,.,cos 3 + P,,sinZ3)

Transmission couplance
"'C(ut.l,) 1(in ' in2 2  sin 2 13cos 2 13(p,, p2 - 2p;, ,p ,cosb,)

Reflection efficiency
RE(a. 13) 1(m - In'; -i' + M 2 ) P.,cos'f3 P ,snnl'- 2PfP, sin . coS'p cos

Reflection LeakageR.(¢.l ,) I , +,k) I( ,osr +,R - .( ( I n , , +_ p .1 7 1 " 7 2 p , . . , " : )

Rcllection couplance
C(a.I) I2 (inc 1 - oinp 1 - in 2 ,) + , -2p) rP, rCOSr)

Table 1: Measured Mueller matrix elements and theoretical values of angular performance parameters
of polarizing beam splittcrs. p(a(0. 4). X) is the real amplitude transmission or reflection coefficient.
Subscripts p and s refer to p polarization and s polarization respectively. Superscripts t and r denote
transmission and reflection. 6, and 6rare the rerardance in transmission and reflection respectively.
( 1(. In. it) is the angle of incidence a ray makes with the beamsplitting interface and 3( I. in. n ) is the
orientation of s-p coordinates relative to ft - 0 coordinates. The functional dependence of a ( 1. In, n)
and 1,( 1. in.z ) are given in appendix A.
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3 MELLES GRIOT 830 nm Polarizing Beam Splitter F~p
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C VI Polarizing Beam Splitter Figure 7
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