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1.0 Introduction 

The purpose of this project was the investigation of polarization phenomenology and 
signatures. Whenever light interacts with matter, there is likely to be a polarization change. 
The papers in this volume document phenomenological measurements with Mueller matrix 
polarimeters and imaging measurements with Stokes polarimeters. 

2.0 Discussion 

The six papers in the Appendices cover approximately five years of work. Four of the papers 
(in Appendices A, B, C, and F) deal with Mueller matrix spectropolarimetry. Appendix F is 
a detailed description of the spectropolarimeter instrumentation and an explanation of its 
Mueller matrix capability. Appendix B and C describe measurements of the reflectance 
standard Spectralon and various Federal Standard paint samples, and are primarily concerned 
with the polarizance of these materials. Appendix A is a description of the use of the 
spectropolarimeter for transmission measurements, and includes some results on various 
optical elements. Appendix E describes laser polarimeter measurements made on some 
sapphire and quartz plates in transmission. Finally, Appendix D describes near infi-ared 
imaging polarimetry results collected with a rotating retarder polarimeter. 

3.0 Summary 

This report documents work in polarimetry over a five-year period and includes six 
conference proceedings and journal papers. 
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ABSTRACT 

Accurate measurement of polarization properties of materials in transmission is becoming increasingly important as 
polarization devices and effects are utilized in remote sensing, displays, and other applications. Polarization components in 
these systems require careful calibration and specification as a function of wavelength. This paper describes a Fourier 
transfonn spectropolarimeter, an instrument designed for measurement of polarization properties in transmission. Conmlete 
Mueller matrix spectra are acquired using a dual rotating retarder polarimeter placed in the sanqjle conpartment of a Fourier 
transform spectrometer. Several sets of detectors and sources for the spectrometer provide spectral Mueller matrix data from 
the ultraviolet to the infrared. We have extended data reducrion algorithms and calibration techniques developed for an FTIR 
instrument to the new spectral regimes, including routines to analyze the Mueller matrix data in terms of diattenuation and 
retardance. This paper describes die instrument, the data reduction and analysis algorithms, and examples of data from 
several transmissive san^les. 

KEYWORDS: Polarimetry, spectropolarimeter, Mueller matrix, birefringence, diattenuation 

1. INTRODUCTION 

The development of many optical systems for optical computing, optical signal processing, optical data storage, displays 
target detection, and scene simulation applications is dependent on the spectral polarization properties of polarization 
elements and modulator materials. The impetus for the work described here was the lack of information on materials for 
spatial light modulators; this pronroted the previous development of a Fourier transform (FT) infrared spectropolarimeter to 
address this need for the infrared''^'^ 

A more recent requirement to characterize polarization elements for polarimetry and other applications has resulted in die 
need for new and better spectropolarimeter instrumentation capable m many regions of the optical regime. One reason for 
this is because commercially available polarization elements frequently do not meet specifications provided by die vendor 
and Mueller matrices for the elements are not provided. The lack of information may be annoying, actually harmful or may 
unnecessanly restnct the use of a polarization element. For example, there are spectral regions where the diattenuation of 
polarizers drops below 90% (an extinction ratio of less than 10). Retardances in birefringent waveplates may vary from 
nommal retardance by more than \0%\ Another reason for development of new instrumentation is that spectropolarimetry 
of modulator materials is still required for detennination of fiindamental electrooptical properries. 



The development of a new generation of FT spectropolarimeter is described in this paper. More than a decade ago, a 
spectropolarimeter based on a Nicolet FT infrared spectrometer was designed. This instrument operates only in the infrared 
(from 3-14 nm) but has high spectral resolution (better than 4 cm'')'. More recently, a spectropolarimeter for the visible 
has been developed that utilizes a broadband source and a filter wheel with suitable filters . Here the spectral resolution and 
the number of number of specti-al elements are limited by the filter bandpass and the practical size of the filter wheel. We 
believe that FT spectrometer-based spectropolarimeters are the most convenient and productive method of gathering large 
quantities of polarimetric data. 

Current FT spectrometers from a nuniber of manufacturers operate from the ultra-violet (uv) to the infrared, covering a 
wavelength range from less than 0.4 to more than 25 ^m.   In this work, we describe the development of a spectropolarimeter 
exploiting the broad spectral capability of these FT spectrometers. 

2. FT SPECTROPOLARIMETRY 

2.1 Instrumentation 

The spectropolarimeter we have developed is a FT spectrometer modified by the insertion of a polarimeter in the sanqile 
compartment. The external appearance of the spectrometer is shown in the photo in Figure 1. A diagram of the spectrometer 
with polarimeter in the sanq)le conqjartment is shown in Figure 2. Figure 3 shows a photo of the sample compartment with 
polarization rotation stages (note that there are five stages). 

Figure 1. Photograph of FT spectrometer 
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Figure 2. Diagram of FT spectropolarimeter 

Figure 3. Sample compartment of spectropolarimeter 



The spectrometer is operated in the normal fashion for one orientation of the polarization elements in the polarimeter. A 
series of spectra are taken with the polarization elements in a set of predetermined orientations. The spectra at all of the 
polarimeter settings (element orientations) are reduced as a single data set. Data reduction is performed on this data set one 
wavelength at a time resulting in Mueller matrix spectra. Further data reduction can produce diattenuation, retardance and 
depolarization spectra. 

The spectrometer has a spectral range of 0.45 nm to 25 jam. Three sources, three beamsplitters, and four detectors are used to 
cover this spectral range (with overlap). This broad spectral range also requures multiple polarization elements. Ideal 
polarization elements would have perfectly achromatic response; in practice, polarization elements are far from ideal, and 
measurement of the actual polarization element response is part of the calibration process. Polarizers are more likely to have 
achromatic-like response, and in many cases we assume aclu-omaticity. Achromatic behavior of the quarter wave retarders is 
not a natural consequence of retarder design. In addition, the need to rotate the retarders places further restrictions on the 
retarder design; angular or lateral beam deviations are to be minimized. Conventional multiple-order waveplates, consisting 
of a smgle plate of birefringent material, are extremely wavelength dependent. Achromatic response can be achieved by 
using two multiple-order waveplates whose fast axes are perpendicular to each other*. The material can be the same or 
different for the two plates. Fresnel rhombs exhibit good achromatic behavior but also have a beam displacement. A 
modified Fresnel rhomb has been designed with two internal reflections that does not displace the beam and is flius suitable 
for rotation'. Polarization element types that are in current use with the spectropolarimeter are shown m Table 1. 

Table 1 - Polarization element types used for various spectral ranges 
Visible NIR(tol.6^m) m. 

Polarizers Dichroic sheet Dichroic sheet Wire grid on BaFa, Ge 

Retarders Two plate MgFa Two plate MgFj CdS + CdSe 

2.2 Calibration and Data Reduction 

The Mueller matrix provides the most conqjlete polarization mformation about a sample and requires the most sophisticated 
polarimeter configuration and data reduction techniques. We have followed the dual rotating retarder method described by 
Azzam*. Figure 4 shows the configuration of a dual rotating retarder polarimeter in the sample conpartment of the 
spectropolarimeter. It consists of a sanple between a polarization state generator and polarization state analyzer each 
con^jrised of a stationary linear polarizer and rotating quarter-wave linear retarder. When the retarders are rotated in a five to 
one ratio, all sixteen elements of the sample Mueller matrix are encoded onto twelve harmonics of the detected intensity 
signal, which can then be Fourier analyzed to recover the Mueller matrix elements. Diattenuation, retardance, and 
depolarization (scattering) can be obtained from the Mueller matrix. 

SAMPLE 

POLARIZER     RETARDER RETARDER   POLARIZER 

POLARIZATION STATE 
GENERATOR 

POLARIZATION STATE 
ANALYZER 

Figure 4. Dual rotating retarder configuration 
The data reduction algorithm for diis polaruneter as originally presented by Azzam assumes ideal polarization elements and 
no orientation errors. The data reduction algorithms may be generalized to compensate for systematic errors which result 



when orientation misalignment and non-ideal retarders are used. If the polarization elements are rotationally misaligned or 
the retarders do not have exactly one-quarter wave of retardance, the changes in Fourier amplitudes and phases result in' 
errors in the sample Mueller matrix. Even small orientation and retardance errors (<1°) can lead to large errors in the 
measured Mueller matrix (> 10% in some matrix elements). These errors become especially inportant when the retardance 
and alignment vary significantly fi-om their nominal values such as in multi-wavelength or spectral instruments. We have 
incorporated correction terms for large orientation and retardance errors into the dual rotating retarder data reduction 
algorithm. The data reduction equations we have developed correct for orientation errors up to 22.5° and retardance errors up 
to X/S. These equations are quite lengthy and the reader is referred to prior presentations'. 

The dual rotating retarder configuration has a number of advantages. First, the effect of any instrumental polarization 
preceding the polarizing optics or following the polarimeter is negated by the fixed position of the polarizers. Second, the 
Founer transform on the data automatically performs a least squares fit to the overdetermined data set. Third, this 
configuration is largely immune to beam wander if measurements are made over a 2n cycle. In this case, modulation from 
beam wander produced by wedges in the rotating retarders is encoded principally on the first and fifth Fourier anplitudes. 
Since the polarimeter does not modulate these frequencies, the beam wander signal does not affect the accuracy of the 
measured Mueller matrix. 

The Mueller matrix provides the most conplete description of the polarizing nature of an optical element including any 
depolarization. The effect of the optical element on an arbitrary incident Stokes vector can also be determined through the 
Mueller matrix. However, many sanples of interest are non-depolarizing and display only one or a few polarization 
properties. Polarizers generally only display diattenuation and retarders display only retardance and small amounts of 
diattenuation. In order to facilitate understanding and inteipretation of our Mueller matrix data, we generally apply the 
Mueller matrix decon:q)osition originally developed by Lu'" and elucidated by Hayes". 

We briefly describe this analysis here for the non-depolarizing case. Non-depolarizing Mueller matrices have the 
deconposition M = M^M^, and the original Mueller matrix is normalized and denoted by 

M = 

m 01 m, 02 m 03 
m 10 w, AM, W, 

m 20 m 21 m 22 m 23 
m 30 m 31 m 32 m 33, 

The diattenuator component has the form 

M^ = 

1 

m 01 

m 02 

m 03 

m 01 m 02 m 03 

%o2'«oi)    a + b(m,,y     %02'«03) 

^os'Woi)     b(mQ,m^^)    a + b{m^^ f 

where a = VW^nT+w^ -I- m  ^ •oi •02 03 )    and     b = 1-Vw mj -i-m„,^ +w„ ^' '01 •02 •03 

(/Woi'+Woj'-l-ffloj') 

Furthermore, the diattenuation vector is given sinply by the first row of A/, 

D = 
F^HI '"oi 

^45 = '"02 

L^cJ .'"03. 

, and total diattenuation D = yjnto^ + m^J^i^rn^ 

Hence, the magnitude of the diattenuation is solely determined by the first row of A/. The retarder matrix in the 
depolarizing case is expressed as 

non- 



a 

'a 0 0 0 

0   m^^-bim^^m^^)    m^^ -bim^ofrio^) m^^-b{m^Qm^^) 

0   W2, - bim^onto^)   ^22 - birn^^m^^) m^^ - bim^Qm^^) 

0   m^i -bim^onio^)   m^^ -b(jn^^mQ^) m^^ -bim^^niQ^) 

The overall retardance can be expressed as 
.x(tr{m^)- 

R = \R\ = cos" 
Jtr{m^)-\\ 

and for the non-depolarizing case is given by 

i? = cos"'[—[/w„ +W22 +W33 -b(m^omo^ +/W2o'«o2 +'"30^03)-^]J ' 

and the retardance vector has the form 

R m 31 

/«2o/Wo3-/M3omo2) 

7«,„w„, -m,„m, *30'"01 10'"03 

W, /M2,-6(7W,o/Mo2-'«2o'"oi). 

COS /Wj, +/«22 +^33 -b{ Wio/Woi + 'M20'«02 + '«30'W03 )-"]) 
^4a^ -[/w„ + /«22 + W33 - b{m^omQi + /M2O'«O2 + m^o^Qz) -«] 

The elements of the diattenuation and retardance vectors represent the horizontal/vertical, ±45°, and circular components of 
each vector. 

3. EXPERIMENTAL RESULTS 

3.1 Spectrometer Configuration 

The spectrometer configuration used in these first measurements covered the wavelength range fi-om approximately 0.68nm 
to 1.1 Sum and consisted of a near-IR soiurce, a silicon detector, and a quartz beamsplitter. There were two polarimeter 
configurations used. The first configuration, for the visible, consisted of polarizers made fi'om a dichroic polymer material 
placed on a glass substrate. The retarders are made of MgFa and are designed to have a nominal X/4 wave of retardance from 
400 - 700 nm. They are anti-reflection coated. The second polarimeter configuration for the near-IR consists of polarizers 
made of dichroic polymers on an IR transmitting plastic substrate that are polarizing firom 0.68)im to 2.2\im. The retarders 
are made of MgF2, are anti-reflection coated, and are designed to have a nominal X/4 wave retardance fi-om 0.7 -1.1 |im. The 
combination of polarimeter and spectrometer spectral responses results in two spectral bands that were utilized in these 
measurements: one band firom 0.68 to 0.83nm, hereafter referred to as the "visible" band, and the second fi-om 0.68 to 
1.17nm, hereafter referred to as the near IR band. 

3.2 Calibration 

Calibration runs with no san^jle are made. The calibration produces orientation error spectra for each of the final three 
elements of the polarimeter. The orientation variation with wavelength apparent in Figure 5 is most likely due to 
inqjerfections of the polarizers in the polarimeter. As will be discussed below, the near IR polarizers have less than ideal 
performance in the region just where the largest variation in orientation is located, in the band 0.83|xm to l.OSfxm. For initial 
calibrations that show large orientation errors (>2°), the elements are realigned. For orientation error less than about 2°, the 
elements are not realigned but the errors are retained for correction in the Mueller matrix data reduction.  The retardances 
obtained in the calibration step are retained for use in the Mueller matrix data reduction. Figiure 6 shows san^le calibration 
results for the visible polarimeter. Note that in both Figures 5 and 6, the retardance ciures fall almost on top of each other. 
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Figure 5. Orientation errors and retardances of near IR spectropolarimeter 

Figure 6. Orientation errors and retardances of visible spectropolarimeter 

33 Visible polarizers and retarders 

Figure 7 shows the transmission curves for parallel and crossed polarizers for die visible dichroic polarizers. These curves 
are quaUtatively consistent writh what the manufacturer reports although the bunp that peaks at O.Sum in the crossed 
polarizer curve does not appear in the manufacturer's data. The crossed polarizer curve shows slightly larger transmission 
than the parallel polarizer curve. This is most likely due to the instrumental polarization tfiat occurs in this transmissive 
region of the polarizers. The long wavelength Umit of die effective region of die polarizer at about 0.83nm is the long 
wavelength limit for die visible polarimeter. 

Figure 8 shows die retardance and diattenuation computed from the Mueller matrix spectrum of die visible retarder measured 
with die near IR polarimeter in die region from approximately 0.68 ^m to 1.15 urn. The retardance increases approximately 
Imearly wifli wavelengdi as expected over die waveband and is consistent with die retardance data measured in calibration of 
die visible polarimeter shown in Figure 6. The diattenuation is relatively low in the middle of die band but increases slighdy 
near the ends of the measured band. 
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Figure 7. Visible polarizer transmission curves 
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Figiu-e 8. Characterization of visible retarder with near IR polarimeter 

3.4 Near IR polarizers and retarders 

The transmission curves for parallel and perpendicular near-IR polarizers are shown in Figure 9. The polarizer does not 
transmit significantly below about 0.7(im. The qualitative transmission performance of the parallel polarizers agrees well 
with the manufacturer's specification although the peak transmission measured here (32%) is slightiy higher than that 
reported by the manufacturer (27%). The wavelength of the peak measured is in good agreement. The performance for 
crossed polarizers is, however, not as good as that reported by the manufacturer. The bimip in transmission at approximately 
0.89nm is nearly 2.5 times that reported by the manufacturer. The peak reported by the manufacturer is at 0.92nm. Mueller 
matrix measurements are less accurate in tiie region fi:om 0.83nm to LOB^m where the transmission for the crossed 
polarizers is above approximately 0.5%. The modulation produced by the rotating elements is reduced due to the lower 
diattenuation in this region. 

Figure 10 shows the retardance and diatteniwtion of the achromatic retarders calculated fl-om the Mueller matrix 
measurement in the region fi-om approximately 0.68nm to 0.82nm. The retardance is increasing with wavelength over the 
range as expected. Each of the three retarders measured show similar response with one retarder within about 1° and the 
other within about 3° of the one shown. The manufacturer does not report the retardance in the specification. The 
diattenuation shows modulation with wavelength that is most likely due to interference effects in the AR coating on the 
retarder. The diattenuation is increasing toward shorter wavelengths and becomes significant (>2%) below 0.7nm. 

10 



Characterization of a second near-IR retarder is shown in Figure 11. Note that the region of lower fidelity lies between 
0.83nm and 1.03nm where the polarizers in the near-IR polarimeter have significantly lower diattenuation. However, the 
diattenuation is large in the long wavelength region above 1.03nm (approximately 7%). This could be significant for'some 
applications where the diattenuation affects signal modulation or ellipticity of the polarization state produced. 
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Figure 9. Near IR polarizer transmission curves 
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Figure 10. Characterization of near IR retarders with visible polarimeter 
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Figure 11. Characterization of near IR retarder with near ER polarimeter 

3.5. Infrared Modulator Measurements 

The electro-optic coefficient spectrum of cadmium telluride (CdTe) was measured using an FTIR spectropolarimeter '   and 
will serve to demonstrate the Mueller matrix measurements fliat can be made with a spectropolarimeter. CdTe modulators 
exploit the linear electro-optical effect for modulating the retardance with an applied voltage. Used by itself, a CdTe 
modulator can modulate the phase by more than a half of a wave at 10.6nm. When used in conjunction with a pair of 
polarizers, the device serves as an intensity modulator. CdTe is typically used in laser systems at 10.6nm. To determine its 
suitability for use in broadband systems, however, it was necessary to characterize the device's response at other wavelengths 
in the infrared. 

The linear electrooptic effect is the change in the ordinary and extraordinary refractive indices that is caused by and is 
proportional to an electric field applied across the crystal. The relationship between the refractive index change and the 
electric field is given by the electrooptic tensor. For a CdTe modulator operated in transverse mode, the electrooptic 
relationship is reduced to a single element of the electrooptic tensor, the r4i element and the retardance is given by 

8W = 
27in^r4iVL 

where n is the refractive index, V is the applied voltage, L is the length of the crystal, and d is the electrode separation.  For 
the device measured here, the half-wave voltage is about 2400 volts. Here, we report the electro-optic response of the device 
in terms of the n^r4j product. 

A series of Mueller matrix measurements were made as the voltage applied to the modulator was ranqjed from 0 to 2700 
volts in 300 volt increments. Figure 12 shows the Mueller matrix spectra for the 900 V measurement. The Mueller matrix 
has been normalized to the (1,1) element, which has been replaced by the transmission spectrum Note that for this case 
(applied voltage = 900 V), the device acts as a quarter-wave retarder at 4nm. The retardance spectrum of the device was 
extracted from the Mueller matrix data at each voltage and the n^r^i product confuted by performing a linear regression on 
the resulting set of retardance spectra. Figure 13 shows the computed nV.,/ spectrum. Note that the values are relatively 
constant across the 3-14tim band except for the ~5% deviation that occurs in the region of low transmission. The value at 
10.6nm agrees with other published data to within 6%. 

12 
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4. SUMMARY AND FUTURE WORK 

We have described the development of a spectropolarimeter based on the most current generation of FT spectrometers  The 
spectropolarimeter is easy to use and is capable of gathering and reducing large quantities of polarimetric data in a short 
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period of time. The spectropolarimeter operates over a large wavelength range with changes in polarization and spectrometer 
elements, from less than .4 ^m to greater than 25 |im. Systematic errors due to polarization element orientation misalignment 
and non-ideal retarders are conqjensated through calibration procedures and error conqjensation equations developed for this 
instrument. 

Work to be con:5)leted in the immediate future includes addition of diattenuation condensation to the error correction 
procedures and a spectropolarimetric reflectance measurement capability. As seen in results presented here, non-ideal 
diattenuation can be a significant problem with some polarization elements. Compensation for measured diattenuation of 
polarimeter elements can be accomplished, and one of us (Hayes) has developed Ihe necessary equations. Reflectance 
measurement capability, while not discussed here, is of great interest for remote sensing applications. Using the external port 
of the spectrometer, we are developing a spectropolarimetric reflectance capability to satisfy the need for material reflectance 
measurements. 
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Polarimetric characterization of Spectralon 
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ABSTRACT 

A polarimetric characterization of the reflective standard material Spectralon is presented. Sanqiles of Spectralon with 
reflectances of 2%, 50%, 75% and 99% were examined. The characterization was acconplished using the Air Force 
Research Laboratory's spectropolarimeter in reflection mode. Data are presented for the spectral region .65 to 1.0 
micrometers. Polarizance was measured for the four Spectralon sanples at eight input beam incidence angles. All 
observations were made from normal to the Spectralon. It was found that as the incidence beam angle increases, the 
polarizance increases; and as the reflectance of the sample decreases, the polarizance increases. 

Keywords: Polarimetry, spectropolarimeter, Mueller matrix, Spectralon, polarizance. 

1. INTRODUCTION AND BACKGROUND 

Spectralon is a standard reflectance material sold by Labsphere, Inc since 1986'. It is conposed of polytetrafluoroethylene 
(FIFE) powder compressed by a proprietary process into a solid^ ^ The undoped material has a hemispherical reflectance of 
approximately 0.99 from 400 to 1900 rmi as shown in Figure 1*. Spectralon also approximates a lambertian reflector, a 
property thought to result from a porous structure and multiple internal reflections resulting in a random distribution of 
reflected light. Measurement results presented by Bruegge et al^ show a slight preference for forward scattering when 
illuminated by a laser off normal incidence, but no specular component was observed as shown in Figure 2. Gray and 
colored Specfralon is produced by introducing dopants. 

The motivation for this polarimetric characterization of Spectralon originated from experiments conducted on a large 
reflective-optic projection system. We desired to test the hypothesis that the reflective optics would induce a polarization in 
the radiation from an unpolarized source. A source, consisting of a 2 in diameter sample of Spectralon illuminated by an 
incandescent light source through an aperture, was placed at the focus of the optical system. The projection system produces 
a coUimated beam at its exit aperture. An imaging polarimeter was placed at this aperture and focused on the source. Results 
from this experiment indicated that the optical system induced a imiform polarization of approximately 3% over the face of 
the Spectralon. However, consideration of the method of illumination of the Spectralon sample led to a requirement for 
additional tests. Figure 3 shows the reflective optics test configuration. The Specfralon had to be illuminated from the side 
because of limited space at the sanple location. Subsequent qualitative tests in the absence of intervening optics confirmed 
that a polarization is induced in the reflected light observed at normal incidence when the illumination is from large angles 
off normal. 

Data presented in the Labsphere catalog and shown in Figure 4' indicate that, at least under polarized illumination, the 
bidirectional reflectance distribution fimction of Specfralon is polarization dependent. 

The data that is presented in this paper was taken with a specfropolarimeter developed at the Air Force Research Laboratory 
and described briefly below. 
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Figure 2. Reflectance factor for Spectralon illuminated with lasers at 40° (Brugge et al). 
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Figure 3. Reflective optical system measurement configuration. 
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Figure 4a. In-plane BRDF for Spectralon, linearly polarized laser source (633 nm) at -30° (Labsphere). 
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Figure 4b. In-plane BRDF for Spectralon, linearly polarized laser source (633 nm) at -60°(Labsphere). 

2. FOURIER TRANSFORM SPECTROPOLARBMETRY 

More than a decade ago, a spectropolarimeter based on a Nicolet Fourier transform (FT) infrared spectrometer was 
designed. • This instrument operates in the infrared (from 3-14 |am) but has high spectral resolution (better than 4 cm''). 
More recently^ a spectropolarimeter for the visible has been developed that utilizes a broadband source and a filter wheel with 
suitable filters . Here the spectral resolution and the number of number of spectral elements are limited by the filter bandpass 
and the practical size of the filter wheel. 

Current FT specfrometers from a number of manufacturers operate from the ultra-violet to the infrared, covering a 
wavelength range from less than 0.4 to more than 25 ^m. We have developed a spectropolarimeter based on one of these 
modem FT spectrometers. We believe that FT spectrometer-based spectropolarimeters are the most convenient and 
productive method of gathering large quantities of polarimetric data. 

2.1 Instrumentation 

The external appearance of the spectropolarimeter is shown in the photo in Figure 5. Figure 6 shows the measurement 
configuration. The spectrometer is operated in the normal fashion for one orientation of the polarization elements in the 
polarimeter. A series of spectra is taken with the polarization elements in a set of predetermined orientations. The spectra at 
all of the polarimeter settings (element orientations) are reduced as a single data set. Data reduction is performed on this data 
set one wavelength at a time resulting in Mueller matrix spectra. Further data reduction can produce diattenuation, 
retardance, depolarization, and other spectra. 

Measurements for the present study were made from 0.4 nm to 1.0 nm. The polarization elements used in the 
spectropolanmetric measurements were Glan-Thompson polarizers and Kari Lambrecht achromatic retarders. 
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Figure 5. Photograph of FT spectropolarimeter 
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Figure 6. Diagram of FT spectropolarimeter 

2.2 Data Reduction 

The Mueller matrix provides the most complete polarization information about a sanqjle and requires the most sophisticated 
polarimeter configuration and data reduction techniques. We have followed the dual rotating retarder method described by 
Azzam". Figure 7 shows the configuration of a dual rotating retarder polarimeter. It consists of a sample between a 
polarization state generator and polarization state analyzer each conprised of a stationary linear polarizer and rotating 
quarter-wave linear retarder. When the retarders are rotated in a five to one ratio, all sixteen elements of the sample Mueller 
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matrix are encoded onto twelve harmonics of the detected intensity signal, which can then be Fourier analyzed to recover the 
Mueller matrix elements. Quantities such as diattenuation, retardance, and depolarization (scattering) can be obtained from 
the Mueller matrix. 

SAMPLE 

POLARIZER     RETARDER RETARDER   POLARIZER 

POLARIZATION STATE 
GENERATOR 

POLARIZATION STATE 
ANALYZER 

Figure 7. Dual rotating retarder configuration 

The data reduction algorithm for this polarimeter as originally presented by Azzam assumes ideal polarization elements and 
no onentation errors. The data reduction algorithms may be generalized to compensate for systematic errors which result 
when onentation misalignment and non-ideal retarders are used. If the polarization elements are rotarionally misaligned, or 
the retarders do not have exactly one-quarter wave of retardance, the changes m Fourier amplitudes and phases result in 
errors m the sample Mueller matrix. Even small orientation and retardance errors (<1°) can lead to large errors in the 
measured Mueller matrix (> 10% in some matrix elements). These errors become especially important when the retardance 
and alignment vary sigmficantly from their nominal values such as in multi-wavelength or spectral instruments We have 
mcoiporated correction terms for large orientation and retardance errors into the dual rotating retarder data reduction 
algorithm. The data reduction equations we have developed correct for orientation errors up to 22.5° and retardance errors up 
to X/8. These equations are quite lengthy and the reader is referred to prior presentations'^ 

3. EXPERIMENTAL TECHNIQUE AND RESULTS 

Four samples of Spectralon having nominal reflectances of 2%, 50%, 75%, and 99% were used m the measurements  These 
^e shown m Figure 8. The samples were placed in the specfa-opolarimeter and rotated to nine angles. Data were collected at 
these mne angles such that the detector was always aligned to the normal of the surface of the Spech-alon sample  The 
coordinate system is shown in Figure 9, and a table of the angles used is given below. Angles measured in the clockwise 
direction are positive and angles measured in the counterclockwise direction are negative. 

Sample Detector 
-45 135 
-60 120 
-75 105 
-80 100 
-83 97 
-85 95 
-87 93 
-88 92 
-89 91 

Table 1. Sample and detector angles used in data collection. 
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Figure 8. Spectralon saitqjles of 2%, 50%, 75%, and 99% reflectance, left to right (a dime appears in the photo for scale). 

DETECTOR ANGLE 

Figure 9. Spectropolarimeter coordinate system. 

Data from the measurements were reduced to normalized Mueller matrices.  Polarizance, the degree of polarization of the 
transmitted light when xmpolarized light is incident'^ was confuted from the Mueller matrices as 

P = i ™10+™20+™30 

m 00 

A plot of polarizance versus wavelength for the four Spectralon sanqjles oriented at -80° is shovra in Figure 10. The data 
that are used in all subsequent calculations and plots are for .65 to 1.0 \xm. Because of the spectral content of the light source 
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used, the signal to noise ratio of the spectrometer is poor in the .4 to .65 \xm when the entire .4 to 1.0 nm spectrum 
collected. Filtering of .65 to 1.0 ^m light would solve this problem. 

IS 

It is evident from the results plotted in Figure 10 that the polarizance of these samples is roughly constant across this spectral 
range and that the lower the reflectance, the higher the polarizance. The polarizance of the 2% reflectance Spectralon is 
noisy because of the low signal from the sample. 

0.7500 r 

r>w->-^ 

0.0000 
0.6500 0.7375 0.0250 

WAVELENGTH (micrometers) 

0.9125 IJIOOO 

Figure 10. Spectral polarizance for four Spectralon samples, -80° source incidence angle. 

The polarizance across the .65 to 1.0 nm spectral band was averaged for all subsequent analysis since it was observed to be 
roughly constant. Polarizance versus source beam incidence angle is plotted in Figure 11 (data from the sample angle -89° 
are not used, the low signal make these data very noisy). The polarizance is observed to increase as the incidence angle 
increases and to increase as the reflectance of the Spectralon decreases. 

The polarizance versus Spectralon reflectance for each of the eight incidence angles is plotted in Figure 12. Polarizance is 
seen to uniformly increase with increasing incidence angle. 
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Figure 11. Averaged polarizance vs. source beam incidence angle for four values of Spectralon reflectance. 
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Figure 12. Averaged polarizance vs. Spectralon reflectance for eight incidence angles. 

4. SUMMARY AND CONCLUSIONS 

San^les of Spectralon with four nominal reflectances have been examined for polarizance over the spectral region .65 to 1.0 
^m Polarizance over this spectral region was found to be roughly constant and polarizance was averaged for all subsequent 
analysis. Spectralon, while a highly lambertian and predictable reflectance standard, exhibits polarizance that increases with 
increasing incidence angle. Polarizance also mcreases with decreasing reflectance. 

These results tell us that the test of the reflective optical system described earlier in this paper must be done with a diffuse 
non-du-ectional light source. Some of the polarization found in that test was undoubtedly due to the method of illumination 
of the Spectralon. 

In addition to the results reported here, a large number of measurements of Spectralon were done at additional incidence 
angles and detector positions. These data will be used in future to perform more complete polarimetric analyses of 
Spectralon as a function of scatter angle. 
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ABSTRACT 

A limited polarimetric characterization of paint samples on aluminum substrates is presented. Twelve painted alimiinum 
panels, representing various colors, reflectances, and surface finishes, were examined in a spectropolarimetric reflectometer. 
Data were analyzed in detail for the 0.9 to 1.0 micrometer wavelength region, although data were taken over a wider spectral 
range. Polarizance was measured for the twelve sanples at eight input beam incidence angles. All observations were made 
from normal to the sample. Characterization of the surface roughness of the sanples was done using profilometers. It was 
found that as the incidence beam angle increases, the polarizance increases; and as the reflectance of the sample decreases, 
the polarizance increases. 

Keywords: Polarimetry, spectropolarimeter, Mueller matrix, paint, polarizance. 

1. INTRODUCTION AND BACKGROUND 

In a previous study', samples of Spectralon with foxu: nominal reflectances were examined for polarizance over the spectral 
region .65 to 1.0 nm. Polarizance over this spectral region was found to be roughly constant. Spectralon, while a highly 
lambertian and predictable reflectance standard, exhibits polarizance that increases with mcreasing incidence angle. 
Polarizance also increases with decreasing reflectance. 

Spectralon has special characteristics because of its scattering properties. Do painted sxufaces exhibit the same properties? 
TTiis is the question to be answered in the present work. 

In order that the painted sanples be referenced to some standard, paints which match Federal Standard colors (according to 
the manufacturer) were used. Aluminum panels painted with paints referenced to Federal Standard colors were placed in a 
spectropolarimetric reflectometer. Mueller matrices were collected on the painted sanples and polarizance calculated. 

2. FEDERAL STANDARD PAINTS AND SAMPLE PREPARATION 

Federal Standard paints and colors are described in Federal Standard No. 595B, Colors Used in Government Procurement. 
Standard colors are identified by a five digit code. The first digit of the code represents finish, i.e. gloss, semi-gloss, or flat. 
The second digit represents a color grouping. The furst two digits are then assigned as shown in Table 1. 

First Digit Finish 
1 Gloss 
2 Semi-Gloss 
3 Flat 

Second Digit 
0 

Color Grouping 
Brown 

1 Red 
2 
3 

Orange 
Yellow 

4 Green 
5 Blue 
6 
7 

Gray 
Miscellaneous 

8 Fluorescent 

Table 1. First two digits of Federal Standard Paint Code 
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The last three digits are assigned as the reHectance, from 000 to 999, where a higher reflectance has a larger number. Color 
chips, produced as part of the Federal Standard, are to be matched to meet the Standard. A list of suggested pigments and 
pigment combinations for each Federal Standard color are given. Other documents, such as the American Society for Testing 
and Materials Standard D 1729 and D 2244 are referenced for color matching criteria. 

A source for paints referenced to Federal Standard colors is the Model Master line of paints made by the Testor Corporation. 
A selection of a dozen Model Master colors was chosen for this study. The colors, grouped by finish and in order of 
reflectance, is given in Table 2. 

Gloss Color 
Gloss White 
Gloss Black 

Color Number 
17925 
17038 

Semi-Gloss Color 
Tan 
Dark Drab (B52) 

Color Number 
20400 
24091 

Flat Color 
Flat White 
Light Gray 
Air Mobility Command Gray 
Dark Green (B52) 
Olive Drab 
Marine Corps Green 
Flat Black 
US Army Helo Drab 

Color Number 
37875 
36495 
36173 
34096 
34087 
34052 
37038 
34031 

Table 2. Federal Standard paint colors used in study 

These paints were sprayed with an airbrush onto 4"x4" aluminum panels. The aluminum panels were cut by water jet to 
retain flatness from 16-gage sheet stock. Panels were selected that had uniform fmish and were free of significant marring. 

3. FOURIER TRANSFORM SPECTROPOLARIMETRY 

More thM a decade ago, a spectropolarimeter based on a Nicolet Fourier transform (FT) infiared spectrometer was 
designed. This instrument operates in the infrared (from 3-14 nm) but has high spectral resolution (better than 4 cm"'). 
More recently.^a spectropolarimeter for the visible has been developed that utilizes a broadband source and a filter wheel with 
suitable filters . Here the spectral resolution and the number of spectral elements are limited by the filter bandpass and the 
practical size of the filter wheel. 

Current FT spectrometers from a number of manufacturers operate from the ultra-violet to the infrared, covering a 
wavelength range from less than 0.4 to more than 25 nm. A spectropolarimeter based on one of these modem FT 
spectrometers has been developed. FT spectrometer-based spectropolarimeters are the most convenient and productive 
method of gathering large quantities of polarimetric data. 

3.1 Instrumentation 

The external appearance of the spectropolarimeter is shown in the photo in Figure 1. Figure 2 shows a diagram of the 
measurement configuration. The spectrometer is operated in the normal fashion for one orientation of the polarization 
elements m the polanmeter. A series of spectra is taken with the polarization elements in a set of predetermined orientations 
The spectra at all of the polarimeter settings (element orientations) are reduced as a single data set. Data reduction is 
performed on this data set one wavelength at a time resulting in Mueller matrix spectra. Further data reduction can produce 
diattenuation, retardance, depolarization, and other spectra. 

Measurements for the present study were made from 0..65 nm to 1.0 ^m. The polarization elements used in the 
spectropolanmetric measurements were Glan-Thompson polarizers and Kari Lambrecht achromatic retarders. 
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Figure 1. Photograph of FT spectropolarimetric reflectometer 
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FT Spectrometer 

PSG - Polarization State Generator 
PSA - Polarization State Analyzer 

Detector 

Figure 2. Diagram of FT spectropolarimeter 

3.2 Data Reduction 

The Mueller matrix provides the most complete polarization information about a sample and requires the most sophisticated 
polanmeter configuration and data reduction techniques. We have followed the dual rotating retarder method described by 
Azzam. Figure 3 shows the configuration of a dual rotating retarder polarimeter. It consists of a sample between a 
polarization state generator and polarization state analyzer each comprised of a stationary linear polarizer and rotating 
quarter-wave Imear retarder. When the retarders are rotated in a five to one ratio, all sixteen elements of the sample Mueller 
matrix are encoded onto twelve harmonics of the detected intensity signal, which can then be Fourier analyzed to recover the 
Mueller matrix elements. Quantities such as diattenuation, retardance, and depolarization (scattering) can be obtained from 
the Mueller matrix. 

POLARIZER     RETARDER RETARDER   POLARIZER 

POLARIZATION STATE 
GENERATOR 

POLARIZATION STATE 
ANALYZER 

Figure 3. Dual rotating retarder configuration 

The data reduction algorithm for this polarimeter as originally presented by Azzam assumes ideal polarization elements and 
no onentation errors.  The data reduction algorithms may be generalized to compensate for systematic errors which result 
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when orientation misalignment and non-ideal retarders are used. If the polarization elements are rotationally misaligned, or 
the retarders do not have exactly one-quarter wave of retardance, the changes in Fourier anqilitudes and phases resuU in 
errors in the sample Mueller matrix. Even small orientation and retardance errors (<1°) can lead to large errors in the 
measured Mueller matrix (> 10% in some matrix elements). These errors become especially important when the retardance 
and aligimient vary significantly from their nominal values such as in multi-wavelength or spectral instruments. We have 
incorporated correction terms for large orientation and retardance errors into the dual rotating retarder data reduction 
algorithm. The data reduction equations we have developed correct for orientation errors up to 22.5° and retardance errors up 
to X/8. These equations are quite lengthy and the reader is referred to prior presentations*. 

4. EXPERIMENTAL TECHNIQUE AND RESULTS 

The painted aluminum panels are shown in Figure 4. The sanqjles were placed in the spectropolarimeter and rotated to nine 
angles. Data were collected at tiiese nine angles such that the detector was always aligned to the normal of the surface of the 
sanple. The coordinate system is shown in Figure 5, and a table of the angles used is given in Table 3. Angles measured in 
the clockwise direction are positive and angles measured in the counterclockwise direction are negative. 

Sample Detector 

-45 135 

-60 120 

-75 105 

-80 100 

-83 97 

-85 95 

-87 93 

-88 92 

-89 91 

Table 3. Sanqile and detector angles used in data collection. 
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Figure 4. Painted aluminum panels. 

SOURCE BEAM 

SAMPLE ANGLE 

DETECTOR ANGLE 

Figure 5. Spectropolarimeter coordinate system. 
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Data from the measurements were reduced to normalized Mueller matrices.  Polarizance, the degree of polarization of the 
transmitted light when unpolarized light is incident^, was computed from the Mueller matrices as 

P = 
V2 2 2 

mio+ni2o+ni3o 

m 00 

A plot of polarizance versus wavelength from .65 to 1.0 \im for five samples oriented at -45° is shown in Figure 6. The 
polarizance for Spectralon was constant across this spectral range, but the painted sanq)les have structure, particularly m the 
0.65 to 0.85 lira region. Polarizance is approximately constant over the 0.9 to 1.0 \im spectral region and all subsequent 
calculations and plots are for this region. 

0.3 

0.25 

"Marine Corps Green 
■Flat Black 
"Air Mobility Command Gray 
"Olive Drab 
"Flat White 

0.15 

0.05 

0.65 0.7 0.75 0.8 0.85 

WAVELENGTH (micrometers) 

Figure 6. Spectral polarizance for five samples, -45° source incidence angle. 

An average reflectance at a -15° source incidence angle (as close to normal reflectance as can be measured with this 
instrument) was measiu-ed for all the samples. These results are shown in Table 4. 

Gloss Color 
Gloss White 
Gloss Black 

Reflectance 
.556 
.006 

Semi-Gloss Color    Reflectance 
Tan .598 
Dark Drab (B52)      .128 

Flat Color Reflectance 
Flat White .630 
Light Gray .391 
Air Mobility Command Gray .173 
Dark Green (B52) .175 
Olive Drab .088 
Marine Corps Green .131 
Flat Black .035 
US Army Helo Drab .101 

Table 4. Average reflectance of Federal Standard paints at -15° source uicidence angle. 
Surface roughness of the samples was measured with two types of profilometers. Results from the measurements made with 
a Zygo profilometer are given in Table 5, and diese results are consistent with those obtained with a Tencor profilometer (not 
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given here). The surfaces painted with the flat paints have a roughness in the 1-3 urn range, the semi-gloss paints have a 
roughness of approximately 0.5 ^m, and the gloss paints are an order of magnitude smaller in roughness at 0.05 nm. A bare 
aluminum sample was also measured and found to have a roughness of .38 urn or less, although microscopic examination of 
the bare metal shows stria not found in the painted samples. 

Gloss Color 
Gloss White 
Gloss Black 

RMS Roughness 
60 mn 
50 nm 

Semi-Gloss Color 
Tan 
Dark Drab (B52) 

Bare Aluminum 

RMS Roughness 
430 nm 
460 nm 

380 nm 

Flat Color 
Flat White 
Light Gray 
Air Mobility Command Gray 
Dark Green (B52) 
Olive Drab 
Marine Corps Green 
Flat Black 
US Army Helo Drab 

RMS Roughness 
3260 nm 
2530 nm 
1380 nm 
1070 nm 
2290 nm 
1150 nm 
2400 nm 
1210nm 

Table 5. RMS roughness of painted panels. 

Polarizance versus source beam incidence angle is plotted in Figure 7, 8 and 9. The polarizance is observed to increase as the 
mcidence angle increases and to increase as the reflectance of the paint decreases. 

The polarizance versus paint reflectance for five incidence angles and six paint samples is plotted in Figure 10. Polarizance 
is seen to uniformly increase with increasing incidence angle. 
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Figure 7. Averaged polarizance vs. source beam incidence angle for eight flat paints 
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Figure 8. Averaged polarizance vs. source beam incidence angle for two gloss paints 
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Figure 9. Averaged polarizance vs. source beam incidence angle for two semi-gloss paints. 

90 

37 



0.1 0.2 0.3 0.4 0.5 0.6 

REFLECTANCE 

0.7 

Figure 10. Averaged polarizance vs. reflectance for six paint sanqjles and five incidence angles. 

5. SUMMARY AND CONCLUSIONS 

Twelve sanq)les of aluminum painted with Federal Standard paints were examined with a spectropolarimetric reflectometer 
over the 0.9 to 1.0 |im spectral region. Polarizance was computed from measured Mueller matrices. The polarizance values 
given in this paper were averaged values over this spectral region since the polarizance was nearly constant. 

The purpose of this work was to relate the polarizance to reflectance of the paint and the incidence angle. As was found for 
Spectralon in an earUer work', polarizance was found to increase with decreasing reflectance and to increase with increasing 
incidence angle. This generalization holds true for all surface roughnesses if they are compared to like surfaces. 
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ABSTRACT 

A near infrared Stokes imaging polarimeter is described. Basic principles of operation are presented, system specifications 
are given, and polarization elements are characterized. System control software and data reduction techniques are briefly 
explained. Examples of scenes collected as visible photos, visible and near infrared intensity images, and visible and near 
urfrared polarization images are presented. 

Keywords: Polarization, near infrared polarimetry, polarization imaging, Stokes polarimetry. 

1. INTRODUCTION AND BACKGROUND 

This paper describes a near infrared Stokes imaging polarimeter. There are a number of different techniques to acquire fiiU 
Stokes vector mformation on an extended scene'"*. We have used rotating retarder polarimetry in this work. An illustration 
of this technique is shown m Figure 1. A focal plane detector array images light from the image source. A polarizer and 
retarder are placed m front of the focusing optics. The polarizer is closest to die optics and its polarization axis is fixed in 
some convenient orientation. A quarter wave retarder is then placed in front of the polarizer. During image collection, die 
retarder is rotated to many different positions. An image is collected and stored for each of the retarder positions and a 
Stokes vector is computed for each pixel of the imaging array during a later data reduction computation. This rotating 
retarder method has the advantage that implementation is relatively easy and straightforward. Components that make up the 
system may be purchased; most of the development required is for software. The polarimeter system is rugged and portable 
We have previously built and operated a Stokes imaging polarimeter for die visible based on a silicon focal plane array and ' 
usmg the same prmciples ; the work described here concerns a near-infrared polarimeter. 

2. SYSTEM DESCRIPTION 

2.1 Instrumentation 

A system block diagram is shown in Figure 2. A computer, which may be a laptop in a docking station, controls the 
operation of the system. Image acquisition and stage controller boards are inserted into the conqjuter. In fliis case the image 
acquisition card is a National Instruments PCI 1424 digital acquisition card and is comiected to die camera electronics lie 
stage controller is a Newport product and is connected via an interface box to Newport 495B rotary stages These stages 
have high resolution (0.001°) but are not very fast (8° per second). Bodi the polarizer and retarder are placed in rotathig 
stages for alignment purposes; the retarder is the only element which rotates during data collection. The polarizer is a Melles 
Gnot near-infrared polarizer and the retarder is a Lambrecht Si02/MgF2 achromatic near-infrared retarder Parallel and 
perpendicular transmission of the polarizer referenced to Glan-Thompson prisms is shown in Figure 3. Retardance vs 
wavelength is plotted m Figure 4. A filter may be placed in front of the rotating retarder in order to restrict flie wavelength 
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range of the system. A silicon window makes a good filter for this system. Silicon transmission is shown in Figure 5. The 
camera is a Sensors Unlimited InGaAs model SU320-1.7RT-D. The format is 320x240 with 40nm pixel pitch. It is sensitive 
to .9 to 1.7 (im radiation. Typical responsivity for InGaAs is shown in Figure 6. Digitization is 12 bit uncorrected. Our 
camera has many dead pixels and requires a nonuniformity correction for best results. We have taken data in order to 
acconplish the nonimiformity correction, but have not implemented this correction. Data obtained for this paper is raw 
camera data with a background subtraction. The backgroxmd subtraction and nonuniformity correction procediures are 
described in the section on calibration. Lab View was used to operate the system and control data collection. A photograph 
of the system is shown in Figure 7. 

SOURCE 

DETECTOR 

POLARIZER RETARDER 

POLARIZATION STATE ANALYZER 

Figure 1. Diagram of rotating retarder Stokes polarimetry 
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Figure 2. System block diagram 
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Figure 7. Photograph of the imaging system hardware 

2.2 Data acquisition and reduction 

Images are acquired at 8 or 16 positions of the retarder, i.e. over a 180° or 360° total rotation, and this is selected by the user 
at the start of the data collection. Subsequent calculations are performed on a per pixel basis to eventually obtain a Stokes 
vector for each pixel for each image. Derived quantities such as degree of linear polarization, degree of circular polarization, 
degree of polarization, ellipticity, and orientation also can be calculated and provided in an image format. 

The data reduction is acconplished using the measurement matrix method^. A row vector is formed from the top row of the 
polarization optics Mueller matrix: 

A = (moo    moi    mo2    0193) 

The detected intensity for a single position of the polarization optics with an incident Stokes vector is 

' = ASinc 

We then form the measurement matrix from N positions of the polarization elements: 

(1) 

(2) 

W = 

ao,0 
ai,0 

aO,l a0,2 
ai,2 

ao,3 
ai,3 (3) 

l,aN-l,0   aN-1,1   aN-i,2   aN-1,3, 
The detected intensity I for a sequence of polarization optics positions is 
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f i   ^ 

I = =ws (4) 
mc 

VN-iy 

The inverse of the measurement matrix is then multipHed times the detected intensity vector to obtain the incident Stokes 
vector, i.e. 

^inc ~ ^    ' (5) 

The advantages of this approach are that the data reduction matrix is conqjuted from ideal polarization element response, the 
data is derived from measured individual polarization elements, and the polarimetric data reduction matrix is measured 
during calibration of the polarization optics as a system. The conq)utation is over-determined, and the pseudo-inverse 
performs a least squares fit to the data, equivalent to a Fourier data reduction. The computation is efficient; it is implemented 
in software as a matrix multiplication. 

13 Calibration and nonuniformity correction 

It is our intent to calibrate the reponse of the camera in order to compensate for nonuniformities and to remove the effect of 
dead pixels. Data has been taken using an integrating sphere system; however this data has not been reduced yet. We intend 
to use the following procedure: We take die difference between a bright uniform scene and a dark field uniform scene. Any 
pixel with a difference outside of "N" standard deviations (user-defined) from the mean is considered bad. This procedure is 
used to locate all the bad pixels and to provide gain and offset corrections for the good pixels. In the final unage, bad pixels 
are replaced by an average of the 8 neighbors and each good pixel's response is corrected using the gain and offset values. 

For the work described here, a background count image was collected and stored. During data reduction, backgroimd values 
are subtracted from the raw unage. This procedure significantly in^jroves the imagery, but does not remove dead pixels. 

3. RESULTS 

We show a few exanples of scenes taken wifli the Stokes near infrared imaging polarimeter as well as photographs and 
visible Stokes polarimeter images for conqjarison. 

Figure 8 is a photo of a scene of a car on a muddy field. Figure 9 is the same scene taken with the near infrared camera, and 
is the intensity image, or the image that is the So conponent of the Stokes vector. Figure 10 is the degree of linear 
polarization (DOLP) unage. Although this was an overcast day, the rear window of the car has a significant polarization 
signature, a DOLP above 0.2. The muddy areas in this unage have a DOLP of around 0.02, whereas the grass DOLP is 
around 0.015 or less. Figure 11 is the near infrared orientation. Most of the scene is at a -45° or greater orientation whereas 
the side window of the car is at approximately +45°. The visible camera intensity image is shown in Figure 12. Figure 13 is 
the image that corresponds to the S2 conponent of the Stokes vector. Most of the scene has a value of S2 near 0, but the car 
windows have significant and orthogonal values. The orientation image in Figure 14 enq)hasizes this, as the car windows 
have orientations on either side of 0°. Figure 15 is a photo of a crane. Figure 16 is the near infrared intensity image and 
Figure 17 is the near infrared DOLP. It is difficult to distmguish the crane from the background, the movement of the 
vegetation causes a false polarization signature. The water in a puddle in front of the crane has a DOLP higher than anything 
else in the scene. The pictures shown here, as well as many more that we have collected, are much more meaningfiil in color. 
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Figures. Photo ofcar in muddy field. Figure 9. Near infrared intensity image ofcar 

Figure 10. Near infrared DOLP Figure 11. Near infrared orientation 

Figure 12. Visible intensity image Figure 13. Visible S2 image 
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Figure 14. Visible orientation image Figure 15. Crane 

Figure 16. Near infrared intensity image of crane Figure 17. Near infrared DOLP 

4. SUMMARY AND CONCLUSIONS 

We have built and operated a near infrared imaging Stokes polarimeter. Imagery from the polarimeter has shown that there 
are interesting polarization effects in this spectral region. Further work in calibration, nonuniformity correction, and spectral 
filtering is needed to better obtain quantitative near infrared measurement results. 
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ABSTRACT 

Birefringence in quartz and sapphire plates was measured at 632.8 nm. The observed birefringence is presumed to be caused 
by a tih in the optic axis with respect to the plate geometry. Two instrumental methods were used to make the measurements. 
A Mueller matrix laser polarimeter was used at the Air Force Research Laboratory, and the Exicor system was used at Hinds. 
The measurement techniques are described and results are presented. 

Keywords: Birefringence, sapphire, quartz, polarimetry. 

1. INTRODUCTION AND BACKGROUND 

Quartz and sapphire are uniaxial crystals, and the birefringence of these materials can be easily observed when the crystal is 
onented such that a light beam experiences the extraordinary and ordinary indices. If the optic axis of the crystal is aligned 
with the axis of the optical system, no intrinsic birefringence will be observed. However, if these two axes are not aligned, a 
birefringence originating in the angle between these two axes will be observable. 

Plates of quartz and sapphire were obtained that were cut and polished so diat the crystalline optic axis was tilted from the 
normal to the faces of the plates. The tilt angles, established from x-ray diffraction measurements, are small as is evident 
from Table 1. 

Quartz An Sapphire An 

0.0° 0 0.0° 0 
5' 1.92 X 10" 5' -1.71 X 10* 
15' 1.73 X 10-' 15' -1.54 X 10'' 
30' 6.93 X 10-' 30' -6.17 X lO"' 
1.5° 6.23 X 10-* 1.0° -2.47 X 10-* 
2.0° 1.11 X 10' 1.5° -5.55 X 10-* 
5.0° 6.91 X 10' 2.5° -1.54 X 10' 

5.0° -6.15 X 10' 

Table 1 Quartz and sapphire sample axis tilts and birefringence 
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The birefringence experienced by light normally incident on the plates is 

An = (ne-no^in 0 

where (ng - ng ) is the intrinsic birefringence and 9 is the tilt angle. Table 1 shows the net birefringence for each tilt angle 
for both quartz and sapphire. The intrinsic birefringence values at A, = 632.8 rnn were taken to be 0.0091 for quartz and - 
0.0081 for sapphire. 

Two of us (Goldstein and Deibler) made measurements of the plates with a Mueller matrix laser polarimeter at AFRL and the 
one of us (Wang) made measurements with the Hinds Exicor system. The Exicor system is designed to measure extremely 
small birefringence (to .005 nm). The laser polarimeter is designed to make Mueller matrix measxirements. The purposes of 
the measurement of these tilted axis plates were fourfold: 1) to determine if the nominal tilt angles were found from the 
measurements, 2) to determine if the sanples would be usefiil low birefringence standards, 3) to con^jare the laser 
polarimeter measurements with the Exicor measurements, and 4) to determine the capability of the laser polarimeter for low 
birefringence measurements. The measurement techniques are described in the following sections. 

2. LASER POLAREMETRY 

2.1 Instrumentation 

The plates were measured with a Mueller matrix laser (stabilized CW HeNe @ 6328 A) polarimeter' using the dual rotating 
retarder configuration^. The detector is connected to a digital multimeter, there is no modulation of the signal, and no lock-in 
aiiq}lification is used. The first retarder is rotated 72 times in 5° increments while the second retarder is rotated in 25° 
increments. This polarimeter was designed and has been used to measiu-e electrooptic properties of bulk material with or 
without electric and/or magnetic fields applied. The complete Mueller matrix of the sample is obtained. 

One advantage of this method is that the measurement does not depend on the rotational orientation of the san^le about the 
optic axis of the system. 

The system is not optimized for measurement of small birefiingence. In fact, these measurements were the first use of the 
system with sanq)les of small birefringence, and elements of the Mueller matrix not used in previous measurements were 
used in the data reduction for the sapphire plates. 

A conservative estimate of the error in orienting the plate normal to the optic axis (the laser beam) is 15' (or .25°) but it is 
probably considerably smaller than this. When the sapphire plate is placed normal to the (stabilized) laser source, the 
backreflection destabilizes the laser - when this happens, the beam is very close to normal. In order to coimter this, the laser 
intensity was reduced using neufral density filters ^Jresiunably free of birefringence). This has the effect of reducing the 
signal to noise. In order to be sure that the orientation error is smaller, the distance between the sanple and the source would 
have to be greater. This is currently not practical without moving the laser off the optics table. 

A diagram of the optical setup is shown in Figure 1. The dual rotating retarder configuration has two retarders inside two 
polarizers symmetrically arranged about a san^le. In our setup, both laser sources used are highly polarized, and the initial 
polarizer of the dual rotating retarder configuration is unnecessary. All polarimeter elements as well as the sample were 
placed in rotary stages. A silicon detector was used. A high quality Glan-Thonpson polarizer is used as the final polarizer in 
the system in each case, and is assumed to have ideal diattenuation. Zero-order waveplates of nominal quarter wave 
retardance for the laser wavelengths were used as the dual rotating retarders. The detector and associated electronics have a 
maximum dynamic range of approximately 10^ so that extinction ratios larger than this can not be measured. 
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Figiire 1. Diagram of Mueller matrix laser polarimeter. 

2.2 Experimental procedure 

The measurements were made by first taking three calibration measurements (measurements without the sample in place) and 
using this data to determine the rotation misalignment of the retarders and polarizer. Using the equations developed by 
Goldstein and Chenault, these errors are used m the measurements to correct for the misalignment. 

We assume that the sanples are pure linear retarders so that the data reduction is based on our knowledge of the form of a 
linear retarder with rotated fast axis. The sample Mueller matrix was measured three times each at 0, 22.5,45, 67.5 and 90 
degrees of rotation about the optic axis. Retardance values for 5 for the measured Mueller matrices were calculated using the 
equations 

5 = sln -i mj{0'') + mj(45'') 

8 = sln~' Jm J (22.5°)+ inj (67.5") 

8 = sin   ^ Jml(45") + m^,(90") 

where the subscripts ij are the Mueller matrix elements 24,34,42, and 43. 
The measured tilt angle is then found from 

V27t(.009l)  Ji 

where t is the thickness, measured to be 0.003581 meters for die quartz samples and 0.003556 meters for the sapphire 
san^les, X is the wavelength of the HeNe laser 6328 A, and .0091 is the published birefringence for quartz ((n, - a,) = 
0.0081 for sapphire). u-c    w 
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3. BIREFRINGENCE MEASUREMENT WITH EXICOR 

3.1 Instrumentation 

The Exicor system^'* consists of three major parts: an optical bench, an electronic compartment, and a coirqjuter. A block 
diagram for the optical bench of this instrument is shown in Figure 2. The optical bench has three modules. The upper 
module contams a polarized HeNe laser, a Glan-Thonqjson polarizer, and a photoelastic modulator (PEM). The middle 
module is a sample holder mounted on a con^uter-controUed X-Y stage. The Exicor instrument used here has a 6in x 6in X- 
Y stage that allows the capability of simultaneous mappmg of 2-D images for both magnitude and angle of the birefrmgence 
in a sample with variable spatial resolutions. The lower module of the optical conqjartment includes a partial reflection 
muTor and two detecting assemblies. The partial reflection mirror transmits about half of the light beam after the sample to 
analyzer 1 and detector 1 (channel 1), and reflects the other half at a small angle (2 - 5°) to analyzer 2 and detector 2 (channel 
2). The small reflection angle used in this configuration is crucial to minimizmg the polarization artifacts due to reflection. 
The electronic signals generated at the detector are processed using a single lock-in an^lifier (EG&G model 7265) with two 
inputs for sequential data processing for the two channels. In principle, two lock-in ampHfiers can be used for simultaneous 
measurements to speed performance. In this instrument, the output from the lock-m amplifier is taken into a conqjuter, and 
the magnitude and angle of the linear birefringence is displayed. 

Laser 

Polarizer at 

PEM at 0° 

Sample 

Partial 

Detector 2 

Filter 
Analyzer 2 at 0° 

Analyzer 1 at -45' 
1    Filter 

Detector 1 
Figure 2, Optical layout of the Exicor birefringence measurement system. 

The Exicor birefringence measurement system is specifically designed for measuring very small linear retardation in a 
san^le. The most common application of the Exicor systems is to measure residual linear birefiingence in high quality 
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optical elements used in optical lithography systems.^' A typical optical component used in lithography steppers, such as a 
photomask blank or a lens blank, is made of either fused silica (amorphous) or calcium fluoride (cubic crystal). Those 
materials exhibit only residual birefringence in the visible spectral region. When produced by a refined annealing process, a 
high quality optical conponent has residual retardation values on the order of only 0.1 nm.' 

The development of the Exicor birefringence system was primarily motivated by the suppliers of high quality fused silica and 
calcium fluoride materials to the optical lithography industry. The Exicor birefringence measurement system provides a 
sensitivity of <0.005 nm (<1/100,000 of a wavelength at 632.8 nm) for linear retardation measurements. This instrument is 
essentially an inconplete polarimeter applicable to a specific industrial application. The calcium fluoride and fused silica 
samples for the optical lithography are in the highest optical quality available to the industry. They have high purity, nearly 
no color centers, and well polished surfaces. Therefore, those samples should have negligible circular birefringence,' 
diattenuation and depolarization. Residual linear birefringence is the primary concern of those samples. 

In this paper, we are also primarily concerned with linear retardation. The Exicor birefringence measurement system is 
applicable to this study. The Exicor system has the capability of measuring more parameters than just linear retardation For 
example, the signal for circular birefringence appears at a different harmonic of the PEM's modulation. Since the goal here is 
to determme low level linear retardance (both magnitude and angle of fast axis) in a sample with high sensitivity, one of the 
authors (Wang) did not attenpt to make this instrument a conqjlete polarimeter for measuring all possible parameters As 
reported previously, a dual PEM system is capable of measuring all 16 Mueller matrix elements of a sample. "^'^ 

3.2 Experimental procedure 

The sapphire and quartz plates are approximately 2.54 cm in diameter. The X-Y stage of the Exicor system changed location 
by 1 mm intervals, and the beam size used was about 1 mm. Data were collected over the face of the plates within a 2-3 mm 
margm from the edge of the plates. More than 300 data points were actually recorded for each sample. 

4. RESULTS 

Measurement results are summarized in Table 2. There are two Exicor results in this table. The first is the average of all data 
points (>300) measured over the face of the samples. The second is the average over a central region of the plate, either 3x3 
or 2x2 data points. The Mueller matrix polarimeter measurements were initially done with the beam passing through the 
estimated center of the plates, and the central region average from the Exicor data should encompass and represent this 
estimated center. 

There are three comments to be made about the information in this table. First, the laser used for the sapphire measurements 
a "stabilized" HeNe, was found to be extremely unstable when we attempted to measure the quartz samples. Another HeNe ' 
laser with no stabilization was substituted for the original laser and was found to be much more stable. We were successful 
m measuring the sample with 0.25° tilt with the second laser, where we could not measure this tilt in the sapphire sample 
because of the noise, presumably from the original laser. The system noise precludes measurement of tilt smaller than 0 25° 
with the laser polarimeter. 

Second, one can observe that the Exicor results for the average and for the central region are generally different. The reason 
for this becomes obvious on examination of a plot of the Exicor measurements. Figure 3 shows plots of the Exicor data for 
the 2" quartz and 2.5° sapphire sanples where the retardance is plotted in the z direction. The retardance displays a buUseye 
pattern wifli additional diagonal ridges. The values near the center are cleariy different from those away from the center 
Similar retardation patterns have also been observed for regular waveplates of different materials." The reason for this 
pattern in retardance and hence birefringence is unknown. The Exicor data shows that the magnitudes of variations increase 
with the tilt angles of the plates. We suspect that both crystal quality and manufacturing processes may have contributed to 
the retardation inhomogeneity of those plates. 

Sapphire Quartz                         1 
Nominal 
axis tilt 

Exicor 
average 

Exicor 
center 

Laser 
polarimeter 

Nominal 
axis tilt 

Exicor 
average 

Exicor 
center 

Laser 
polarimeter 

0.0° * * * 0.0° 0.23° * * 
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0.083° * * * 0.083° 0.29° * * 

0.25° 0.27° 0.26° * 0.25° 0.31° 0.25° 0.25° 
0.5° 0.34° 0.38° 0.53° 0.5° 0.46° 0.48° 0.49° 
1.0° 0.88° 0.98° 1.09° 1.5° 1.32° 1.41° 1.48° 
1.5° 1.37° 1.46° 1.50° 2.0° 1.72° 1.71° 1.96° 
2.5° 2.49° 2.58° 2.66° 5.0° 5.47° 5.45° 5.30° 
5.0° 5.47° 5.45° 5.45° 
* Not measured in the case of the laser polarimeter or i 

Table 2 Measured tilt angles for quartz and sapphire. 

Figure 3. Retardance plots for quartz (2.0°, left) and sapphire plates (2.5°, right). 

Figure 4 Retardance plots for quartz plates (tilt angles at 0.125°, left; 0.5°, right). 

Third, when nominal axis tilt is below 0.5°, the fast axis angles of the plates are not well defined as shown in the Exicor 
birefringence map (left) of the 0.25° quartz plate in Figure 4. This is perhaps due to the fact that the residual birefringence in 

the plates is the dominant effect. When the nominal axis tilt is 0°, the retardation measured using the Exicor should reflect the 
residual birefringence level of the plates. The Exicor measurements of over 300 data points for the quartz plate with 0° 
nominal axis tiU give a retardation average of 0.511 nm, a standard deviation of 0.201 nm, and a maximum retardation of 1.3 
nm A retardation of 0.511 nm at a fixed fast axis angle would correspond to 0.23° optical axis tilt m a quartz sanqjle of 
0.0036 m thick. However, the birefiingence map of the 0.25° quartz plate clearly shows that the fast axis angles at different 
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sanpling spots are nearly random. Therefore, it is not meaningful to calculate tilt angles below 0.5° for those plates. When 
the nominal tih angle is 0.5°, the fast axes at different spot of the plate still change, but there is, at least, a clear angular 
pattern for the fast axis of the quartz plate. 

Once the Exicor measurements had been made and the anomalous pattern observed, laser polarimeter measurements were 
made at 1 mm intervals for ±10 mm on either side of the estimated center of the quartz plate with nominal T tilt. The results 
of this scan are plotted in Figure 5. While there was no absolute orientation maintained from laser polarimeter measurements 
to the Exicor measurements, a plot of the retardance along a diameter of the plate is also shown in Figure 5. The plots in 
Figures 5, while not necessarily for the same physical points on the plate, have similar profiles, and the laser polarimeter 
finds the same anomalous pattern. 
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Figure 5. Comparison of the variation in measured tilt angle across the 2 degree quartz sample as measured with the Exicor 
system and the laser polarimeter. 

5. DISCUSSION 

Both the differences between the nominal values and the oprical measurements, and the anomalous birefringence pattern are 
unexpected. The nominal tilt angles are established for these samples using x-ray diffraction where the error is said to be on 
the order of 1 arc minute (0.0167°). The optical measurements for the sample center are occasionally within this error bar, 
but the variation across the sample is usually well outside this error. 
The anomalous birefringence pattern is observed by two totally different optical instruments, and we believe it is not an 
artifact of either measurement process. When one of the sapphire samples was scanned using the Exicor system under 
different orientations and mHi slightly different incident angles, the retardation pattern remained. As mentioned earlier in the 
paper, sunilar retardation patterns were also observed for certain quarter- and half-wave plates.'^ The samples are cut and 
polished using techniques to minimize subsurface damage, yet the small birefnngence variation appears to have a regularity 
that may be due to the manufacturing process. 

The objectives of this study have been attained. The nominal values of the axis tilt were measured with two optical 
techniques. The laser polarimeter measurements have been compared to the Exicor measurements, and the lower limits of 
bu-efringence measurement capability have been explored. The usefiilness of these samples as low birefringence standards 
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has been assessed; the determination here is, unfortunately, that they are not useful because of nonuniformity and because of 
sensitivity to sample-source geometry. 
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ABSTRACT 

An instrument is presented that combines the functions of a reflectometer, a spectrometer, and a polarimeter. A 
Fourier transform spectrometer serves as a hght source for a dual rotating retarder polarimeter. Operation of the 
instrument results in measurement of the complete Mueller matrix of a sample in reflection over a wide spectral 
band. Calibration and error compensation is described. Polarization characteristics of materials in reflection are 
determined. 

Subject terms: polarimetry, Mueller matrix, reflectometer, spectropolarimetry 

1. INTRODUCTION AND BACKGROUND 

Many sensors rely on reflected light from natural or manmade sources to obtain the energy for their detector 
elements. The light that is reflected may be polarized. The abihty of the sensor to detect and process the reflected 
energy may depend upon knowledge of the reflection characteristics of the materials. We describe here an 
instrument that measures the polarization of reflected hght over broad regions of the visible and infrared in order 
to evaluate polarized reflection properties of materials. 

An instrument that measures spectral infrared polarization properties of materials in transmission has 
been designed and patented previously'. The infrared spectropolarimeter (Patent #5,045,701) is based on a 
Fourier transform infrared (FTIR) spectrometer containing a dual rotating retarder Mueller matrix polarimeter in 
the sample compartment^. Measurement of polarization properties of transmissive samples is possible with this 
instrument over large wavelength regions in the infrared (wavelengths of 2.5 \itn and greater). A scatterometer 
which measures Mueller matrices of samples in fransmission or reflection has been constructed by Schiff et al., 
but does not give spectral information^. 

The current work extends the concept of using a polarimeter in conjunction with a Fourier transform 
spectrometer by incorporating a modem Fourier transform spectrometer which is capable of measurements from 
the ultraviolet to the far infrared, and adds the capability to measure samples in reflection. 

2. INTRUMENTATION 

The spectropolarimetric reflectometer is based around a commercial Fourier fransform spectrometer. The 
specfrometer must be one which generates radiation from the ultraviolet to the far infrared, it must be computer- 
controlled, and it must have a software system which allows insertion of control over the instrument, control over 
additional hardware, and data processing. We are using a Bio-Rad FTS-6000 with the Win-IR Pro software 
system. The spectrometer is configured with three sources, three beamsplitters, and four detectors which make 
the usefiil wavelength range of the instrument from the ultraviolet to approximately 25 ^m in the infrared. 
Additional components could easily extend the operating range to longer wavelengths. 
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The Bio-Rad spectrometer serves as a radiation source for the polarimetric portion of the instrument and 
is operated in the conventional absorption spectroscopy mode. The radiation generated by the spectrometer is 
brought out through the spectrometer's external port. Figure la shows the basic optical schematics of the 
instrument for bidirectional reflectance distribution function (BRDF) measurements. 

For bistatic measurements, the detector sits on a large circular platter. The platter is able to rotate about a 
central vertical axis, and is rotated by a computer-controlled motor on the platter. The platter is annular; there is a 
circular opening where the sample resides. The sample is mounted on a computer-controlled motorized rotational 
stage, and has a common central rotation axis with the detector platter. The sample can be rotated so that any in- 
plane incidence angle is obtained. The optical system that collects light for the detector consists of an off-axis 
parabolic mirror. This mirror is fixed to look toward the central axis of the detector platter and focus light onto 
the detector which is mounted perpendicularly to the light coming from the central axis. The parabolic mirror, 
detector, and mounting devices will be referred to as the detector assembly. The detector assembly may be 
rotated to any position around the sample, except that the detector assembly may block light from the 
spectrometer if it is within a few degrees of the source beam direction. The sample is mounted vertically so that 
its surface comprises a vertical plane, and it may be rotated to any position around a vertical axis. Data collection 
proceeds by rotating both sample and detector platter such that sample and detector assembly are in the desired 
geometric relationship; spectropolarimetric data is then collected. The instrument may be used for transmissive 
measurements as well by placing the transmissive sample on the central rotation stage and lining up the detector 
assembly with the source beam on the far side of the sample. This is illustrated in Figure lb. A photograph of the 
system is shown in Figure 2. 

The reflectometer may be used without any modification of the polarization of the source radiation, and in 
this mode, it is a spectral reflectometer. In order to obtain spectropolarimetric measurements, a dual rotating 
retarder Mueller matrix polarimeter, described by Azzam^ is included in the system. This polarimeter consists of 
a polarization state generator before the sample and a polarization state analyzer after the sample, and is shown in 
Figure 3. The polarization state generator consists of a linear polarizer followed by a quarter wave retarder and is 
located in the source beam prior to the platter region. The polarization state analyzer consists of a quarter wave 
retarder followed by a linear polarizer and is located on the platter in front of the detector assembly. Although we 
use retarders that are nominally quarter wave in the spectral region being measured, the exact retardance is not 
critical as viall be discussed later. When the retarders are rotated in a five to one ratio, all sixteen elements of the 
sample Mueller matrix are encoded onto twelve harmonics of the detected signal, which can then be Fourier 
analyzed to recover the Mueller matrix elements. Other previous implementations of this Mueller matrix 
polarimeter have been described elsewhere''^'^ 

The data reduction algorithm for this polarimeter as originally presented by Azzam assumes ideal 
polarization elements and no orientation errors. The data reduction algorithms may be generalized to compensate 
for systematic errors which result when orientation misalignment and non-ideal retarders are used. If the 
polarization elements are rotationally misaligned, or the retarders do not have exactly one-quarter wave of 
retardance, the changes in Fourier amplitudes and phases result in errors in the sample Mueller matrix. Even 
small orientation and retardance errors (<1°) can lead to large errors in the measured Mueller matrix (> 10% in 
some matrix elements). These errors become especially important when the retardance and alignment vary 
significantly from their nominal values such as in multi-wavelength or spectral instruments. We have 
incorporated correction terms for orientation and retardance errors into the dual rotating retarder data reduction 
algorithm. Small angle approximation error correction equations are given in Goldstein and Chipman*, and this is 
generahzed to larger angles in Chenault et af. These equations are quite lengthy and will not be presented here. 
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Figure la. Bistatic configuration. 
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Figure lb. Transmission-mode configuration. 
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Figure 2. Photograph of spectropolarimetric reflectometer. 
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POLARIZATION STATE 
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POLARIZATION STATE 
ANALYZER 

Figure 3. Dual rotating retarder configuration. 
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The dual rotating retarder configuration has a number of advantages. First, the effect of any constant 
instrumental polarization preceding the polarizing optics or following the polarimeter is negated by the fixed 
position of the polarizers. Second, the Fourier transform on the data automatically performs a least squares fit to 
the overdetermined data set. Third, this configuration is largely immune to beam wander if measurements are 
made over a 2n cycle. In this case, modulation fi-om beam wander produced by wedges in the rotating retarders is 
encoded principally on the first and fifth Fourier amplitudes. Since the polarimeter does not modulate these 
frequencies, the beam wander signal does not affect the accuracy of the measured Mueller matrix. 

Since spectral measurements are made with this instrument, polarizers and retarders should be as 
achromatic as possible. Polarizers are generally achromatic in terms of polarization performance over their region 
of useful transmission. Retarders are not generally achromatic, although some retarders that are achromatic over 
specific spectral regions are available commercially. In the present instrument, some commercial retarders are 
used and some specially designed retarders, particularly for the infrared, are used (see Goldstein et al, and 
Chipman and Chenault*). 

3. ALIGNMENT, CALIBRATION, AND ERROR COMPENSATION 

To set the instrument up for use, the first procedure is to ahgn the optical and polarization elements. The detector 
is rotated on the detector platter to a point opposite the polarization state generator position. The optical beam is 
aligned to the detector without the polarization elements. The polarization elements are then placed into the beam 
in a specific order and rotationally positioned such that the polarization axes of the polarizers and the fast axes of 
the retarders are all aligned, typically vertically. The first polarizer is set at the desired orientation, and the final 
polarizer is oriented with the first polarizer. The retarders are placed in the beam individually and the fast axis of 
each is aligned to the orientation axis of the polarizers. 

A calibration run must then be performed. This consists of a Mueller matrix data collection without a 
sample. The detector is rotated into a position opposite the polarization state generator as explained in the 
alignment procedure (as mentioned earlier, this configuration can be used for transmission mode measurements). 
This calibration run establishes the remaining errors in orientation and allows determination of the retardation of 
the retarders. These errors are then compensated out during the sample data reduction. 

4. DATA COLLECTION 

The instrument is completely under computer control. Software controls the operation of the hardware and 
subsequent collection and reduction of data. Spectropolarimeter data collection proceeds according to the 
procedure presented next. With all polarization element axes aligned, a spectrum is acquired in the normal 
fashion for a Fourier transform spectrometer (involving the Fourier transform of the interferogram). The retarder 
elements are rotated to the first azimuthal position followed by acquisition of the next spectrum. This process of 
moving retarders followed by spectrum acquisition is continued until spectra at all retarder positions have been 
collected. The sample and detector are then moved to their new positions and the next spectropolarimetric data 
set is acquired. After all spectral data are collected, the Mueller matrix for each sample and detector position is 
recovered by performing a Fourier analysis on the polarization modulation at each spectral point. The output 
includes the Mueller matrices for each wavelength over a specified spectral range. 

A normal data collection consists of the calibration nm, which also serves as the spectrometer background 
acquisition, and one or more sample runs. Each sample run is initiated by setting in software a number of 
spectrometer parameters and the geometrical relationships of the sample and detector. Once these are set, the 
instrument automatically collects and processes the data. The output includes the Mueller matrix of the sample as 
well as derived quantities such as retardance and diattenuation. A polarization BRDF can be constructed fi-om the 
results. 
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5. RESULTS 

Many measurements have been made with the spectropolarimetric reflectometer. Studies of Spectralon and 
Federal Standard paint have been done'''°. Several other materials have been examined including cloth, paving 
materials, and vegetation. Mueller matrices are always computed, but in the Spectralon and Federal Standard 
paint studies, only the derived quantity of polarizance was quoted in the published papers. We present examples 
of complete Mueller matrix results here. 

The coordinate system for the measurements is shown in Figure 4. 

SOURCE BEAM 

SAMPLE ANGLE 
(NEGATIVE 

COUNTERCLOCKWISE) 
ETECTOR ANGLE 

(POSITIVE CLOCKWISE) 

Figure 4. Reflectometer coordinate system. 

When the detector is furthest from and in line with the source beam, this is its zero position. Clockwise 
rotation of the platter gives a positive detector angle. When the sample is normal to the source beam, this is its 
zero position and counterclockwise rotation of the sample results in a negative sample angle. The first Mueller 
matrix, shown in Figure 5, is that for a sample of 99% reflective Spectralon where the sample angle is -45° and 
the detector angle is 135° (the sample is being viewed along its surface normal). Note that the Mueller matrix 
exhibits essentially no polarization, and this is true across the 0.5 to 1.0 ^m wavelength region. This is to be 
expected for Spectralon, a well-known near-Lambertian diffuse reflectance material. Figure 6 shows maps of 
degree of polarization, degree of linear polarization, and degree of circular polarization and are plotted as a 
function of incident polarization state. These two-dimensional plots correspond to a cylindrical projection of the 
surface of the Poincar6 sphere where theta is a latitude (theta of 0° and 180° correspond to the poles of the sphere, 
and 90° to the equator) and phi is a longitude on the sphere. Thus, theta of 0° corresponds to right circularly 
polarized light and theta of 180° corresponds to left circularly polarized light. Theta of 90° corresponds to 
linearly polarized light, and any other value of theta is elliptically polarized light. Note that the scales on the 
degree of polarization plots are quite small. These plots are based on the spectrally averaged (0.5 to 1.0 lun) 
Mueller matrix given in this figure. 
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Figure 7 is the Mueller matrix for 50% reflective Spectralon where the sample angle is - 
60° and the detector angle is 60°. This geometry corresponds to specular reflection and will be 
used for the remainder of the examples. The Mueller matrix now departs significantly from the 
non-polarizing example in Figure 5, and the maps of the degree of polarization and spectrally 
averaged Mueller matrix are shown in Figure 8. The scales on the degree of polarization maps 
are now significantly larger. 

A Mueller matrix for 2% Spectralon is shown in Figure 9 and the corresponding degree 
of polarization maps are shown in Figure 10. This Mueller matrix looks very much like one for a 
horizontal polarizer, i.e. 

1 1 0 0' 
1 1 0 0 
0 0 0 0 
0 0 0 0 

and has sUghtly more spectral structure than the previous Spectralon measurements. It has been 
reported that low reflectance materials exhibit increased polarization. The incidence angle is also 
larger in this case, which also tends to increase polarization. 

Two final examples are for painted metal and brick. Figure 11 shows the spectral 
Mueller matrix for olive drab paint on a metal plate. At the specular reflection angle of 60°, this 
sample appears to have much of the characteristics of a vertical polarizer and the Mueller matrix 
spectrum is virtually flat from 0.5 to 1.0 (Am. The degree of polarization maps are shown in 
Figure 12. Results for red brick are shown in Figure 13. This sample also shows much of the 
characteristics of a vertical polarizer, although it has more spectral structure. The degree of 
polarization maps and the spectrally-averaged Mueller matrix are shown in Figure 14. 
Diattenuation, polarizance, and retardance were calculated from the spectrally averaged Mueller 
matrices and are given in Table 1. 

68 



T-O to 
d 

m 
o 

T-O 

t-o    ,- 
o 

in 
9 

T-O T- 

T-O ^ 

\ 

o 
in 
d 

T-O T- 

c 
O 

"o 
CO 

B o 

o o vo 

(U 

7 

o 

1 u u a 

o 
u 

c2 
X 

1 
S 

3 

I o u a 



(J!oy-U!|-J!on)B}ain 

CO 
d 

^H       ^^^^^H ^^^^^^H J^H 0 K            '^I^^^^H ^^^^^^H ■r    m o ^H^'..     ^^^^ mnii^^^^ •"        S u^r.    ^^mi ^^^^^^H WF    JH 
CD T-            CO 

—   S Bnii^^^ .■.ir"~  o ^^^HHHII llllllllllll 
CO ^^^^^^^^^^^^^1 ^^^^^^^^1 C     CO ^^^^^^^^^^^^^1 ^^^^H^^H ^^^^^^^^^H 

^^^^^^^H ^^^^H 0      T- ^^^^^^^H ^^^^H ^^^^^H 
o ^^^H ■ ilii ^^^H ■ ̂̂1 

Oio ^^^^^^^^^^H <i>o ^ ^^^^^^^^^^H ^^^^^^^H 
O g ^^^^^^1 ̂ ^^H SQB ^^^^^^1 ̂ ^^H ̂ ^^^H 

■5 ^^^^^^H ̂ ^^^1 ^  £ ^^^^^^H ̂ ^^^1 ̂ ^^^H 

1 ^1^1 ■ Sfe| 1^^^ ■■ im 
w^ B 0 

c 
fm IK 1^ 

< 3                0 0 0 ^       9 0 s in 0 m 10 0 m 

g 

1 
a 

O 
<n 
u 

c2 
CO 

(=1 
O 

•^ 
N 

O &. 
c*-< 
O 
d) 

O 
OC) 

I 

o 

(jjD a - u!i - jp n) BJ81U (J!oa-U!|-J!on)B}9ij} 



/ 

0 

at 3 
0 
CO 

o a, 
N- — 
O B 
(O 0 
o VO 

-o 0 
0 
vo 
at 

"O 
d) o 

00 (D 
o •^ 
1^ 0 
o 0 
ID 7 o •I-* 
m « 
.0 c 

0 

ij 
u 
(D 

en a 
0 on 
d 
1^ IH 
0 ^ 
d X 

•r" 1 
E 

U 
.3 

5 o 
ex 

ON 

a 



>«■ CM M ^ 
O O 00 ^ 
O O O (N 

o 
CO 
o 

O O O O 

81 at
ri

x 
-0

.0
13

 
-0

.0
12

 
0.

22
2 

-0
.1

10
 

el
le

r 
U

 
0.

91
4 

1.
02

5 
■0

.0
14

 
0.

00
6 2 

o 
ll> Q. 

3 
5 o •* 00 cn 
"■ o CO ^ o 
P>0 OT o o 

« 

(jpy-U!|-j|on)B}8m 

(3 
o 

I 
o- 

(N 

a 
CO +-> 
O 

1—1 

a 
c o 

N 

O 
&, 

CM 
O 
(L> 

& 
Q 

CN 

(jp a - ujj - Jjo n) Bjaqj (jp a - uji - jp n) B}9L|} 



G 
O 

CO 

6 o 
VO 

o 
O 
VO 

^ 
u 
E 

o 
O 

e 
u 
c 

•a a 

I 
> 

S 

13 

d ^ - 
CO 

(O ±3 u u 
CU 

00 

en 
t-- 



5: CN O) CO 
O 1- CN CN 
p O T- CN 
p d o d 
O) o 
CO «o X po 

S <=> o 
S en (o 
m 00 o 

"53 p ° 
SOB 
PlO 00 
^-p 

CN CN 
CN T- 
d d 

o o 
d d 

I 

(N * m o o o 
P 6 

(jp y - Ujl - jp 1) B}3H} 

13 

^3 
(U 

I 

> 

U3 

o 
OH -* 
fl o 
o 
a 
N 

s 
o 
a- 

(«H 

o o 
in (D ^— W 

0 at
io

n)
 

Q 

^•s CN 
a> 1—c 

o, 

o S 
2 

S Q- E 

(jp a - Uji - jp i) Bjagj (jpy-u!i-jpn)B}3m 



 c 
in 
9 

§ 

O 
en 

o 
O 
VO 

U 

E 
o 
O 

o •c 
x> 

.2 

CO 

5 u <u a 
CO 



d 

m o 

C c^ '* 1^ O T- 00 1^ 
O O O T- 0 

CO 
0 o o o o 

S £2 "^ t X o O T- o 
E o o d d 81 
5 N- T- If) O) 
.    N- O CO o 0) m 1^ o o 

CD 
T3 
0) ■55 d d d d a: 

3  '            ' 
5 0 <D CO CO 
„o r^ CO 0 
P)0 vf) 0 0 

00 
d 

1^ 
d d d d 

CO 

d d 

(jp y - uji - jp n) Bjaqj 

IP" ^ 

o 
10 

?  c 
(1) •c o 

s^ 

l-c 

eg 

O 

o 
o 

i, 
Q 

I 

o 
10 

o 
o 

o 

(jp a - U!| - jp 1) B}3L|} (jp y - UJI - jp n) B}9L|} 



Diattenuation Polarizance Retardance 

99% Spectralon 
Sample: -45° 

Detector: 135° 

.002 .008 2.52 

50% Spectralon 
Sample: -60° 
Detector: 60° 

.257 .265 .504 

2% Spectralon 
Sample: -60° 
Detector: 60° 

.914 .934 .393 

Olive Drab Paint 
Sample: -60° 
Detector: 60° 

.900 -.895 .522 

Red Brick 
Sample: -60° 
Detector: 60° 

.578 -.576 .437 

Table 1. Diattenuation, polarizance, and retardance for spectrally averaged Mueller matrices in Figures 6 8 10 
12, and 14. '  '    ' 
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6. DISCUSSION 

This instrument collects massive amounts of data describing the polarization properties of the reflectance 
of materials over broad wavelength regions of the spectrum from the ultraviolet to the far infrared. The two great 
advantages of this instrument are (1) the use of the Fourier transform spectrometer as the source, giving quick but 
complete spectral information over Ijroad spectral regions, and (2) the use of the dual rotating retarder 
configuration for the polarimeter, giving complete information about the polarization properties of the sample. 
The combination of these two features results in an instrument that provides data that no other instrument can 
provide. 

The spectropolarimetric reflectometer has the potential to impact remote sensing applications in several 
ways. A large volume of data on natural and manmade surfaces can provide insight into phenomenology and 
empirical understanding of those materials of most interest to polarimetric sensing and discrimination. In 
addition, this same information can be used to populate databases for existing models such as Irma and Polar 
SPIRITS and extend their capability for modeling polarization in a variety of scenes.  These databases can also 
be used for assessing the validity of current models and those under development. 

The spectropolarimetric reflectometer can also be used for calibration of polarimetric systems. 
Polarization elements can be characterized in the transmission configuration of the instrument, as has been 
described previously". Calibration of imaging polarimeter systems with partially polarized light can also be 
performed with the spectropolarimetric reflectometer. Since most scenes of interest for remote sensing 
appUcations are estimated to have degrees of polarization only at the 5-10% level, it is desirable to assess the 
performance of the imaging system with known partially polarized input. A well-characterized and controllable 
source is constructed by placing a uniform surface such as spectralon or gold in the sample position. By 
controlling the sample angle and the incident polarization state, the degree of polarization of the light incident on 
the sensor can be varied from zero to nearly 100%. Once the reflected beam is characterized by the 
spectropolarimeter polarization state analyzer, the system under test replaces the polarization state analyzer.  The 
resulting spectral Stokes vector measured by the spectropolarimeter is integrated over the waveband of the 
imaging polarimeter to give the incident calibration state. 

These applications of the spectropolarimetric reflectometer can be advanced by several potential 
configurations for the instrument. For example, the instrument can be configured to measure samples which are 
to remain flat, i.e. samples like liquids or soils that must remain nominally horizontal. A platter mounted on a 
vertical table is placed next to the spectrometer table and the spectrometer beam directed to the sample. The beam 
can be incident on the sample from a range of angles, and the detector assembly can be rotated throughout a range 
of angles. 

Out-of-plane measurements are possible by placing the detector assembly on a semicircular rail above the 
detector platter. Alternatively, the sample could be mounted on a goniometer so that the detector is effectively 
placed out of the incident plane.  Neither of these alternatives has been implemented. 

The instrument could be configured for monostatic measurements as well, although this has not been 
implemented. For monostatic measurements, the source beam would pass through a beamsplitter before reaching 
the sample. The beamsplitter would be positioned such that the return beam is directed toward the detector 
assembly which remains fixed throughout the measurements. The sample would be rotated to the desired angle 
and data collected. 
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