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ABSTRACT

Monochromators are frequently used in spectral calibrations of optical systems due to their ability to sweep a
narrowband output across a wide range of wavelengths. However, monochromators tend to output light with a
degree of linear polarization that can vary significantly as a function of wavelength. To use a monochromator to
calibrate a polarization-sensitive imager, the monochromator output is often passed into an integrating sphere
to convert the linearly polarized light into randomly polarized light. In this paper, we demonstrate the ability to
obtain a spectral calibration of a division-of-focal-plane (DoFP) imager by assuming subpixels of a polarization
super pixel have equal spectral responses. We also characterize the polarization of the output of a monochromator
as a function of wavelength using both a DoFP imager and a wire-grid polarizer mounted on a precision rotation
stage with an optical power meter.
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1. INTRODUCTION

Grating monochromators are used frequently for measuring the relative spectral response (RSR) function of an
optical instrument.!® Alternate methods include Fourier transform spectrometers (FTS),% tunable lasers,”® tun-
able LEDs,” multiple spectral filters with broadband sources,'® and stochastic optimization algorithms operating
on colored sample and diffraction images.!! However, the light output from Fourier transform spectrometers or
monochromators can be significantly polarized, which complicates measuring the RSR of polarization-sensitive
sensor systems. It is also important to note that polarization sensitivity in optical systems can be intentional'? 13
or unintentional.'* 8 If the source light is input to the system being calibrated through an integrating sphere,
the polarization state of the monochromator output may be negligible, but this approach often results in light-
starved measurements and is therefore not always possible or desirable. This paper discusses the use of a grating
monochromator to measure the RSR function of a polarization-sensitive imager. In this case, the imager used
a division-of-focal-plane (DOFP)!2 1 detector array so we were able to combine measurements from differently
polarized adjacent pixels to determine the linear Stokes parameters and Degree of Linear Polarization (DoLP)
for the monochromator output. This also allowed calculation of an Sy Stokes parameter at each wavelength,
thereby enabling us to determine the RSR for the polarization imager.

2. MONOCHROMATOR AND DOFP IMAGER SYSTEMS

A monochromator operates as a grating spectrometer in reverse, dispersing light from a broadband source into
a spectrum using a diffraction grating on a rotation stage. The layout of the monochromator used in this study,
the Acton Research Corporation SP-150, is shown in Fig. 1. Broadband light from a halogen light source enters
the system through the entrance slit on the right and is reflected from two mirrors. It is then reflected from
a diffraction grating, which disperses the light into a spectrum. The dispersed light is reflected from a final
mirror, and the output slit selects a portion of the spectrum that exits the system. The diffraction grating can
be rotated to control the portion of the spectrum exiting the system, and the output slit width can be adjusted
to control the bandwidth of the output. The monochromator in the measurements reported here used a blazed
grating with 300 grooves/mm, and the output slit width was 3 mm.
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Figure 1. Top-down view of the inside of the Acton Research Corporation SP-150 monochromator. Light entering
through the entrance slit is reflected from two mirrors, a diffraction grating, and another mirror before exiting through
the output slit.

For polarization mechanisms, we start by recognizing that lamp filaments can emit partially polarized light,
especially when viewed at oblique angles.??23 Beyond this, there are two primary mechanisms by which the
light from the halogen lamp can become further polarized. First, when light is incident a on mirror at an
oblique incidence angle, the two orthogonal polarization components (parallel and perpendicular to the plane
of incidence) are reflected by different amounts, according to the Fresnel coefficients. This results in partial
polarization of the reflected light. Second, the polarization state of light diffracted by a grating varies with
wavelength and incidence angle. This causes the polarization state of the output light to vary as the wavelength
is adjusted by the changing angle of incidence on the diffraction grating. This poses no problem for sensor systems
with negligible polarization sensitivity, but can result in large errors for systems with significant polarization
sensitivity.

Questions about the polarization state of our monochromator output arose when we began investigating the
spectral response of pixelated DoFP imagers!'? that use the recently released Sony polarization-sensitive sensor.!?
These imagers measure the polarization of incident light using an array of wire-grid polarizers placed on top of
the detector, oriented such that the four subpixels in a 2x2 group of pixels (referred to as a super pixel) measure
four different linear polarization states. Relative to horizontal, the four linear polarization states passed by the
wire-grid polarizers are 90 degrees for the top left subpixel, 45 degrees for the top right subpixel, 0 degrees for the
bottom right subpixel, and 135 degrees for the bottom left subpixel of each super pixel. Thus, once a radiometric
calibration is performed on the imager, a super pixel can measure the incident irradiances lyo, Iy50, Iggo, and
11350 in its instantaneous field of view. With these four irradiances, the linear Stokes vector can be determined

as follows:
So = oo + Igoe (1)
Sy = Ioe — Inoe )
Sy = Iy50 — L1350 (3)

Using the linear Stokes parameters, the degree of linear polarization (DoLP) and angle of polarization (AoP) of
the light can be determined. The DoLP is given by

2 2
DoLp = Y1 5 @)
So
and the AoP is given by

1
AoP = 3 arctan % . (5)
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3. MONOCHROMATOR OUTPUT POLARIZATION MEASUREMENTS

The state of polarization of the monochromator output light was measured using two DoFP cameras (FLIR
BFS-U3-51S5P and Lucid Vision Labs TRI050S-PC) and confirmed using an optical power meter (Newport
1830-C) and a custom-built polarizer (Meadowlark Optics Versalight - aluminum wire grid on UV grade fused
silica substrate) on a precision rotation stage (Newport RV160CC). First, the camera was aligned so that the
monochromator output was incident directly on the camera sensor. The data from corresponding subpixels were
combined to form Ige, Is50, Iggo, and I1350 images. A region of interest was identified, which contained the
area of the detector on which the output of the monochromator was incident. The pixel values in the region
of interest were averaged to form an average Igo, Iy50, Igge, and Iy350 value for each wavelength output by
the monochromator, and these four averages were used to calculate an average Sy, S1, and So over a region of
interest. Finally, the average Sg, S1, and So were used to find an average DoLLP and AoP using Eqgs. 4 and 5.
This process was repeated for both the FLIR and Lucid cameras.

In order to verify the measurements made with the FLIR and Lucid cameras, independent measurements of
Ioo, 1450, Igge, and I1350 were made using an optical power meter and a wire-grid polarizer mounted on a precision
rotation stage. These measurements were made at the wavelengths found to correspond to DoLLP maxima and
minima with the DoLLP camera. Figures 2 and 3 show the DoLLP and AoP measured by the cameras and by the
combination of optical power meter and polarizer. We found that the output of the monochromator swung from
highly polarized, with DoLP maxima greater than 0.7, to nearly randomly polarized, with DoLP minima less
than 0.1. The output had AoP = 90 degrees (relative to horizontal) for most of the spectral range of the DoFP
cameras, but it had AoP = 0 degrees from 508 to 564 nm. The discrepancies between the measurements made
by the camera and by the optical power meter and polarizer setup are attributed primarily to spatial variations
in the output of the monochromator as a function of wavelength. These variations resulted in partial detector
illumination at some wavelengths and made it difficult to choose a region of interest that was applicable at all
wavelengths.

4. RELATIVE SPECTRAL RESPONSE MEASUREMENTS

Spectral characterizations are performed to understand the relative spectral response (RSR) of a detector. Typ-
ically, a narrowband source of known output power is incident on the detector and swept across the spectral
range of the detector to measure the RSR. If the source is not randomly polarized and the detector system
has non-negligible polarization sensitivity (whether intentional or incidental), the measured RSR will contain
polarization artifacts, causing the measured RSR to deviate from the true RSR. For the DoFP camera detectors
used in this study, the individual subpixels cannot be measured with a monochromator because of its strongly
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Figure 2. DoLP of the monochromator output as measured by the FLIR camera, the Lucid camera, and an optical power
meter and polarizer.
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Figure 3. AoP of the monochromator output as measured by the FLIR camera, the Lucid camera, and an optical power
meter and polarizer.

polarized output. However, the detector can measure the linear Stokes vector at each super pixel. Therefore, we
assumed the individual subpixels in a super pixel had uniform response and used Eq. 1 to calculate Sy at each
super pixel and determine the RSR for a super pixel.

It should be noted that instead of removing the camera polarization sensitivity by using a sum of polarization
components, it is also possible to remove the polarization of the monochromator. This could be done, for example,
by putting the monochromator output into an integrating sphere, though this quickly leads to photon-starved
measurements. Alternatively, it may be possible to compute a value of Sy at each subpixel by rotating the
camera and taking measurements with the camera oriented horizontally and vertically. However, the spatial
non-uniformity of the monochromator output might make this challenging, as individual super pixels would be
imaging different parts of the monochromator output as the camera is rotated.

To measure an RSR curve for each camera, the power output by the monochromator at each wavelength
was first measured using an optical power meter. Next, the DoFP camera detector was positioned to measure
the monochromator output, and an image was recorded at each wavelength as the monochromator grating was
scanned. At each super pixel, Sy was calculated, and the Sy values were averaged over all the super pixels in the
region of interest. Finally, the average Sy at each wavelength was divided by the corresponding optical power,
and the curve was normalized to its maximum. The RSRs found for each camera are shown in Fig. 4.

As an example of what happens when a partially polarized monochromator output is used to measure the
RSR of a polarization-sensitive detector, the data were reprocessed in an incorrect way, analyzing individual
(polarized) subpixels instead of using Sy at each super pixel. An incorrect Iy RSR was found by averaging all
of the Ipo subpixels in the region of interest. This was done for all four subpixels, and the results for one camera
are shown in Fig. 5.

5. DISCUSSION AND CONCLUSIONS

The measurements of the monochromator output revealed that its polarization is strong and varies significantly
as a function of wavelength. Therefore, the polarization is changing as the angle of the diffraction grating in
the monochromator is changed. Specifically, the DoLP of the monochromator swings from minima lower than
0.1 to maxima higher than 0.7, and the AoP is vertical over most of the spectral range but horizontal from 508
to 564 nm. While reflections from mirrors in the monochromator can contribute to the observed polarization,
the polarizing effect of the mirrors is expected to be smaller and spectrally flatter than what was observed.
Thus, the diffraction grating was determined to be the likely dominant source of spectral variation in the output
polarization.
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Figure 4. Relative spectral response curve determined from the sum of polarized subpixel outputs for the DoFP cameras.
One outlier was removed from the FLIR data, and six outliers were removed from the Lucid data.
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Figure 5. Incorrect relative spectral response curve determined from analyzing each polarized subpixel without accounting
for the monochromator output polarization, plotted over correct RSR.

The polarization of the monochromator output makes it difficult to perform a spectral characterization of
a pixelated polarized imager. A method of analysis to characterize the RSR of a DoFP camera with direct
illumination from a monochromator was shown. The incorrect results that occur from analyzing the data as
if the monochromator output were randomly polarized showed that errors exceeding 100% occurred when the
source polarization was ignored for measuring the RSR of a polarization-sensitive camera. Therefore, just as
the intentional or unintentional polarization sensitivity of an instrument must be characterized when making
measurements of polarized light, it is necessary to characterize the polarization of a source before using that
source to measure the spectral response of a polarization-sensitive instrument.

This study assumed that the subpixels in each super pixel had a uniform response, and it largely avoided
consideration of spatial non-uniformity in the monochromator output by averaging the RSRs of all super pixels
in a region of interest. Future work will explore the use of a radiometric calibration to account for differences
in the response of individual subpixels. We also will look at differences in the RSRs of different super pixels to
study the spatial non-uniformity of the monochromator output. Finally, additional studies are being done in
our group to characterize the polarization sensitivity of hyperspectral imagers. Those polarization sensitivity
responses may also be caused by a diffraction grating in the imager, and we plan to compare the results from
both of these studies.
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