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10.2 Evaluation of the Gen 4 Prototype

The current generation of the RIT Polarization Imaging Camera (RITPIC) was deployed
on a Boller & Chivens 36”7 telescope at the Cerro Tololo Inter-American Observatory
(CTIO) February 3 - 13, 2016. We had 9 clear nights and observed a wide range of
objects: calibration stars, planetary nebulae, post-asymptotic giant branch stars, Solar
System planets (Figure 10.12), protoplanetary nebulae (Figure 10.29), open clusters,
globular clusters, quasars and the highly obscured supernova SN2016adj in Centaurus
A. These objects were chosen to estimate the suitability of RITPIC for polarimetry of
point sources and extended objects. Most of these objects have been observed by other
polarimeters; however, some objects do not have polarimetric information and hold the

potential for new discoveries.

The camera was mounted on the existing filter wheel, at the Cassegrain focus (Figure
10.4). Flat field illumination images were acquired using a screen in the dome (Figure

10.4, top left) and 3 lamps placed symmetrically around the telescope aperture.

F1GURE 10.4: Left: RITPIC was mounted at the Cassegrain focus of the SMARTS 0.9
m telescope. The white spot in the upper left was used to acquire unpolarized dome
flats. Right: RITPIC is a very compact imaging polarimeter.

The average seeing during the observing run ranged from 0.7 - 2 arcseconds measured by

the full-width at half-maximum of the stellar PSF. The plate scale at the RITPIC focal
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plane was 0.12” per pixel, or 0.24” per superpixel (which consists of 4 pixels oriented at
0°, 45°, 90° and 135°. When seeing was good, the PSF was close to critically sampled by
the polarimeter’s superpixels. An example raw image of the unpolarized standard star

HD 90156 is shown in Figure 10.5.

10.2.1 Polarimetry of Point Sources

I observed several polarized and unpolarized standard stars to determine the accuracy
and precision of RITPIC polarimetry of unresolved sources. First, I show the results ob-
tained for HD 90156, an “unpolarized” star with a measured degree of linear polarization
(DOLP) of 0.0001 (Heiles, 2000). HD 90156 is a variable star with a V magnitude of
~6.9.
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FIGURE 10.5: Left: The sampling in the RITPIC focal plane was 0.12” per pixel and

0.24” per superpixel. Right: HD 90156 was observed using 5 different locations on the

array. The dashed circles are centered on the location of each star and the numbers
indicate the frame numbers that correspond to each location.

10.2.1.1 HD 90156

The star HD 90156 was recently measured by Gil-Hutton and Benavidez (2003) to be
very weakly polarized (¢ = u = 0.00006 £ 0.0001). On February 8, 2016, I acquired 200
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exposures of HD 90156, without any filter, in 5 regions on the array (40 exposures at each

location). The five positions are shown as a collage in Figure 10.5.

The observations of HD 90156 were analyzed twice. First, I performed only a partial
calibration, using unpolarized flats to account for pixel throughput nonuniformity. Then,
I re-analyzed the data using a full calibration, which combines unpolarized flat fields
obtained during the observing run and additional data acquired in the lab at RIT (see in
Section 9.2). The additional characterization allowed me to account for the contrast and

angular offsets of each pixel.

The estimation of Stokes ¢ and w in each frame obtained using the partial calibration
is shown in Figure 10.6. Overall, this method results in an estimated Stokes ¢ ~ 0.005
+0.01 and u =~ 0 £0.01. Although the mean value of both measurements is consistent
with zero, within 1 standard deviation, the systematic offset measured in ¢ is likely due

to improper calibration.
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FIGURE 10.6: Estimation of the normalized Stokes paramaters, ¢ and u for each frame,
using a flat field correction. The error bars on each measurement represent the photo-
metric SNR.

The fractional polarization and angle of polarization corresponding to the measured
Stokes parameters are shown in Figure 10.7. The bias of the DOLP estimator is clearly

seen in the distribution of the individual measurements of DOLP (see Chapter 6). The
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black lines show the DOLP and AOLP calculated using the mean values of ¢ and w,
whereas the points represent the DOLP and AOLP calculated in a each frame. The large
scatter in the measurement of ¢ and u results in large overestimation of DOLP. This high-
lights the need to perform all averaging steps before estimating the DOLP and AOLP.
Note the large scatter in the estimation of the AOLP for this unpolarized star. This is

expected, because the AOLP is not well defined for sources with very low polarization.
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FIGURE 10.7: Estimation of the fractional polarization and angle of polarization for
each frame, using only a flat field correction. The error bars on each measurement
represent the photometric SNR.

Similar results were obtained when using a full calibration of the data, using a combination
of flat fields and characterization data obtained in the lab. These results are shown in
Figure 10.8. Although the mean values of ¢ and u obtained using the two methods differ
at the 0.002 level, the difference is still much smaller than the scatter in the data. The

corresponding DOLP and AOLP estimates are shown in Figure 10.9.
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FiGURE 10.8: Estimation of the Stokes ¢ and u parameters for each frame, using a
combination of a flat field correction, as well as the efficiency and orientation data
obtained in the lab.
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F1GURE 10.9: Polarimetry performed by RITPIC for the unpolarized star HD 90156
using the broadband response of the CCD.
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10.2.1.2 HD 78344

Next, let’s look at the observations of HD 78344, acquired on February 14, 2016. This
highly polarized star has been measured during the commissioning of the Gemini Planet
Imager by Wiktorowicz et al. (2014) to have a fractional linear polarization of 0.0556+0.00001.
First, let’s look at the estimation of Stokes ¢ and u for a set of 20 exposures (5 seconds
each) in the Bessel V band (Figure 10.10). This analysis was performed using the full
calibration, accounting for differences in pixel throughput, contrast, and orientation. The
estimation of ¢ has a relatively high “polarimetric SNR” ¢/o, ~ 9, with a weaker polar-

ization measured for Stokes u, with u/o, ~ 3.
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FiGure 10.10: Normalized Stokes parameters ¢ and u, measured by RITPIC for the
polarized star HD 78344 in the V band. The error bars represent the scatter in the
estimation (as 1 standard deviation).

The estimation of the degree and angle of linear polarization for HD 78344 is more
straightfoward than for HD 90156. The mean DOLP estimated using the mean of ¢ and
u is much closer to the center of the distribution of the individual DOLP measurements,
because the bias of the estimator decreases as the polarimetric SNR increases. I estimate a
mean DOLP = 0.054040.006 and mean AOLP = 80.5+3.4 degrees. These measurements
agree with those made by GPI, within the measurement errors. A summary of the

unpolarized and polarized standards is given in Table 10.1.
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FiGure 10.11: Polarimetry performed by RITPIC for the polarized star HD 78344 in
the V band.

Target DOLPO DOLPRITPIC (Mean + SD)
HD 90156 0.0001! 0.005 £ 0.01
HD 78344 0.0556> 0.054 + 0.006

TABLE 10.1: Comparison of the polarimetric analysis of two standard stars performed
by RITPIC to previous measurements (DOLPy), made by 1. Gil-Hutton and Benavidez
(2003) and 2. Wiktorowicz et al. (2014).
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10.2.2 Polarimetry of Planets

I have acquired multi-band images of Venus, Jupiter and Saturn to determine the suitabil-
ity of MPA-based polarimeters for applications with strong intensity gradients. Planets
pose a significant challenge for these devices because they are extremely bright and their
intensity drops off sharply near the limb. This is especially inconvenient because limb

polarization is an interesting probe of planetary atmospheres.

Venus Jupiter Saturn

1 arcminute

FicURE 10.12: Raw images of Venus, Jupiter and Saturn acquired with Gen 4 RITPIC
at the 36” telescope at CTIO.

10.2.2.1 Jupiter

Observations of Jupiter were made on February 8 and 11, 2016. The scattering angle, «,
during these observations was ~ 5.4° and 5.2°, respectively. Images were obtained in the

Bessel BVRI bands, using exposures 0.5 seconds - 2 seconds long.

Imaging polarimetry was performed on images of Jupiter in the R band, using approach
the approach described in Section 9.2.3. The 20 individual Stokes ¢ and u maps were
combined using the median to generate the maps in Figure 10.13. For easier comparison
to previous observations, I rotate the Stokes parameters to align them with respect to
the scattering plane (Figure 10.14). The strong polarization at the poles of Jupiter is
easily detected in both ¢ and uw. The maximum polarization measured for Stokes ¢ is
~8%, whereas the Stokes u map shows the “butterfly pattern” at the +4% level. The

East and West limbs in the equatorial regions show a slight negative polarization, which
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FIGURE 10.13: The Stokes ¢ and v maps made using a median of 20 images of Jupiter
in the Bessel R filter. The maximum polarization measured is ~ ¢ = 0.08 and u = —0.07
in the instrumental reference frame.
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FIGURE 10.14: The Stokes ¢ and v maps aligned with the scattering plane, to match
observations of Schmid et al. (2011). The maximum polarization measured is ~ g =

0.08.

is also reported by Schmid et al. (2011), for observations made at phase angles of a <

6°; however, this signal appears to be near the limit of RITPIC’s precision.

Uncertainty Analysis

The uncertainty in the Stokes ¢ and u maps shown in Figure 10.13 can be estimated

using the variance of the least squares estimator and formal error propagation for a linear

parameter. The variance-covariance matrix associated with the Stokes vector is given by,
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Var(b) = ¢*(X'X) ™, (10.1)

2

where o° is estimated using the sum of the difference between the measured intensities

and the fitted model predictions,

4
6= (4 — )" (10.2)
n=1

The diagonal elements of the variance-covariance matrix given by equation 10.1 are the
estimates of the variance associated with the Stokes parameters, I, Q, and U. These vari-
ances are calculated in each frame. These variances and then used in the conventional
propagation of error formula to determine the variance in the normalized Stokes param-
eters, ¢ = /I and u = U/I. These “error frames” are then combined using an average
to produce an estimate of the uncertainty of the normalized Stokes parameters, ¢ and u

(Figure 10.15).
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FIGURE 10.15: The uncertainty maps for the normalized Stokes parameters ¢ and
u, estimated using the variance-convariance of the linear least squares estimator and
formal error propagation.

This is a conservative estimation of the uncertainty because it reflects the uncertainty
in a single frame, whereas the maps shown in Figure 10.13 are averages of 20 frames.
However, this method also assumes that the system matrix X is known exactly. In

reality, the polarizer properties are not known exactly and the system matrix has some
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uncertainty, as well. A more robust treatment, like “total least squares” is required to

properly asses the errors associated with an uncertain system matrix.

The error maps show that the estimation of the normalized Stokes parameters has an
uncertainty of less than 1% across most of the disk of Jupiter, and increases towards
the limbs. It’s not clear why the uncertainty is larger in the South. The increase in the

uncertainty is likely due to several processes, the most significant of which are:

1. the flux sharply decreases at the limbs, and the photometric SNR drops

2. the steep drop in intensity near the limb exacerbates errors associated with the

instantaneous field-of-view that are discussed in Chapter 9



Chapter 10. Initial On-Sky Fvaluation 173

Degree and Angle of Linear Polarization

The Stokes parameter maps in Figure 10.13 can be used to generate a map of the total
fractional polarization, using the degree of linear polarization (DOLP) estimator (Figure
10.16). The polarization at the poles is clearly seen in this map, as are the regions of low
polarization near the East and West limbs. This figure shows a few things worth nothing.
First, this method of quantifying the fractional polarization is biased at low signal levels,
as discussed in Section 6.5.3.
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FIGURE 10.16: Left: The Stokes I “intensity” map of Jupiter in the Bessel R filter.

Right: The fractional polarization of Jupiter, estimated using the degree of linear po-

larization. The polarization at the poles is ~8%, and it rapidly and smoothly decreases
towards the equator.

Second, the polarization maps use a threshold that makes Jupiter appear slightly larger
than in the Stokes I map. The threshold is set based on the signal level in the Stokes
I map, such that all pixels with values less than ~1,500 electrons are suppressed. The
scaling in the Stokes I map renders these pixels such that they are almost indistinguishable
from the background. However, they are much more easily seen in the polarization maps,
making Jupiter appear larger by several arcseconds. The signal in these regions fluctuates
significantly due to low flux and seeing effects, which can be seen in the maps of estimated
errors for the Stokes ¢ and u maps (Figure 10.15). The angle of linear polarization varies
across the face of Jupiter and shows strong radial polarization near the poles (Figure

10.17).
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FIGURE 10.17: Left: Degree and angle of polarization shown with a vector plot. Right:
Angle of polarization across the face of Jupiter shown as a colormap.
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Comparison with Previous Observations

Comparison with previous observations is challenging. Although Jupiter’s polarization
was discovered nearly 100 years ago (Lyot, 1929), spatially-resolved polarimetry of Jupiter
is scarce. Furthermore, the polarization of Jupiter has a strong dependence on wavelength
and it varies with time (due to a changing phase angle and dynamics in the atmosphere).
For example, Gehrels et al. (1969) show that the polarization near the poles and the limb
has a strong dependence on wavelength, which changes dramatically between observations
made in 1960 and 1963 (Figure 10.18). Moreover, the North-South asymmetry is minimal
at ~500nm in 1960 (o = —10.6°), but maximal in 1963 (o = —8.9°).
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FIGURE 10.18: Left: Polarization at the poles and limbs of Jupiter, as a function of
reciprocal wavelength, measured by Gehrels et al. (1969) in April 1960, with scattering
angle « = —10.6°. Note that the asymmetry between the North and South pole polar-
ization is minimal at ~500 nm. Right: The same measurements repeated in November
and December 1963, with scattering angle @ = 8.9° and a = 9.8°, respectively. Note
that the largest discrepancy is now at ~500 nm. (©)AAS. Reproduced with permission.

With these issues in mind, I compare my observations to those made by Schmid et al.
(2011) using the Zurich Imaging Polarimeter in March 2003. ZIMPOL is a very accurate
imaging polarimeter; however, Schmid et al. (2011) mention that the fold mirrors on
the McMath-Pierce telescope introduced systematic polarization errors which were not
fully calibrated. The RITPIC and ZIMPOL observations were made at somewhat similar

scattering angles but in different wavelength bands. Nevertheless, the observations made
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with ZIMPOL appear to be the most recent and with sufficient precision to evaluate

RITPIC’s performance.

Overall, the results agree with the imaging polarimetry performed by Schmid et al. (2011)
in 2003, within ~1%. The Stokes ¢ and u maps obtained with ZIMPOL at the McMath-
Pierce Solar Telescope at Kitt Peak National Observatory are shown in Figure 10.19).
These maps were made using images acquired in March 2003, using a filter centered at
730nm. North is up and East is left; note that Jupiter’s tilt was different by ~ 25°
degrees in March 2003, compared to February 2016, when the RITPIC observations were

made.

FIGURE 10.19: The Stokes ¢ and v maps made by Schmid et al. (2011) during the
testing of the Zurich Imaging Polarimeter. The scale is set between 1% (white) and
-1% (black). The lines in the Q/I image show the slit positions for spectropolarimetry
performed with the EFOSC2 instrument on the ESO 3.6m telescope. Reprinted from
Schmid et al. (2011), Copyright (2011), with permission from Elsevier.
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Limb-to-limb Profiles

To take a closer look at the profile of the polarization near the poles and across the disk, I
calculated the average polarization in a narrow (~ 5 arcsec wide) rectangular region that
runs roughly North-South, through the center of Jupiter (Figure 10.20). The intensity
profiles obtained with RITPIC roughly agree with those obtained by ZIMPOL. Note,
the intensity profile measured by ZIMPOL has been scaled here, so the maximum value
matches the maximum signal measured by RITPIC.
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FIGURE 10.20: A comparison of the North-South profile of the intensity and normalized

Stokes parameter ¢ for observations made with RITPIC (blue line) and ZIMPOL (black

line). The ZIMPOL intensity profile was scaled to have the same peak value as the
RITPIC profile.

The North-South profiles of the normalized Stokes q parameter obtained with RITPIC
and ZIMPOL agree at ~1% level; however, some differences are evident. Most notably,
the polarization at the North and South pole, as measured by RITPIC, is much more
symmetric than the ZIMPOL measurement. Overall, the RITPIC measurements in the
equatorial regions a systematically more negative than the ZIMPOL values. Several

factors could account for the disagreement:
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1. the observational passbands were different, with Bessel R (~640nm central wave-
length and 150nm FWHM used for RITPIC observations and a 20 nm wide filter
at 730 nm used for ZIMPOL.

2. The scattering angle was different, agrrpic & 5.4° vs azmvpor, ~ 6.9°

3. the observations were taken 13 years and 1 month apart

4. (probably) different longitudes were observed
The East-West intensity and polarization profile made by averaging an ~16 arcsecond
wide band along Jupiter’s equator is shown in Figure 10.21. The intensity profile shows
similar agreement between ZIMPOL and RITPIC results as for the North-South profile.

The Stokes q profile measured by RITPIC is very different from the ZIMPOL result. It’s

not obvious which of the factors listed above could cause this type of discrepancy.
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F1GURE 10.21: A comparison of the East-West profile of the intensity and normalized

Stokes parameter ¢ for observations made with RITPIC (blue line) and ZIMPOL (black

line). The ZIMPOL intensity profile was scaled to have the same peak value as the
RITPIC profile.
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10.2.2.2 Saturn

As part of the commissioning run of RITPIC, I observed Saturn on the night of Febru-
ary 8, 2016. Images of Saturn were acquired in the Bessel BVR bands, using 1 and 2
second exposures. The phase angle, a was ~ 5.1°. The maps of the normalized Stokes

parameters, ¢ and u are shown in Figure 10.22.
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FIGURE 10.22: Polarization of Saturn and its ring system in Stokes ¢ and u. Although
the overall polarization is low, some large scale features are clearly seen, such as the
polarization of the rings, the northern and southern hemisphere and the south pole.

Saturn is weakly polarized, however, some features are clearly visible. The disk of Saturn
is polarized at ~ ¢ = 0.005 level in the north and ~ —0.005 in the south. The south
pole of Saturn shows strong polarization at a level of ~ ¢ = 0.02. The rings appear to
have a more-or-less uniform polarization in Stokes ¢ of ~ ¢ = —0.01. Both the disk and
rings of Saturn show very low levels of polarization in Stokes u, with a faint feature near
the equator. Schmid et al. (2011) report mostly weak Stokes u polarization of ~ -0.003,
which is consistent with my results. A polarization of ~0.3% appears to be close to the

sensitivity limit of the current calibration and data analysis procedure.

The angle of linear polarization polarization of Saturn shows strong, large scale patterns.
The rings appear polarized at roughly —45° with respect to the East-West direction. In
regions of higher polarization on the disk of Saturn, the polarization angle is roughly
+45° on the East side and 90° in the West. There appears to be a faint feature in the
AOLP map that corresponds to the bright band near Saturn’s equator. Both this band
and the south pole show an angle of ~ +45°.
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FIGURE 10.23: Left: A Stokes I “intensity” map of Saturn in the Bessel R band. Right:
The fractional polarization of Saturn closely matches the Stokes ¢ maps, because there
is very little signal in w.
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FIGURE 10.24: The angle of linear polarization shows a complex, large scale pattern
across the rings and disk of Saturn.
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10.2.2.3 Venus

I observed Venus on February 8, 2016 in the Bessel BVRI bands. The scattering angle,

a, was ~ 41°. Polarimetry of Venus in the R band shows strong polarization, with a

maximum polarization of ~ -4% in Stokes ¢ (Figure 10.25). The high polarization along

the edge of the disk is probably not real and instead an artifact of the sharply decreasing

flux near the limb. These effects can be seen in the polarimetry of Jupiter and Saturn.

However, it’s not clear to me why the artifacts are so much stronger for Venus.
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FIGURE 10.25: Polarization of Venus in Stokes ¢ and u. The strongest polarization is
seen in Stokes ¢, with a maximum near the poles and a minimum in the direction of
the Sun.
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FIGURE 10.26: Left: A Stokes I “intensity” map of Venus in the Bessel R band. Right:
The fractional polarization of Venus, estimated using the degree of linear polarization.
The polarization at the poles is ~4% and ~ 1% at the lower latitudes.
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FIGURE 10.27: The polarization is oriented at ~ —45° with respect to the East-West
direction across the entire disk of Venus.

I will close the section on polarimetry of Solar System planets by comparing the polar-
ization of Venus to the previous measurements and the models of Hansen and Hovenier
(1974). Measurements made by Coffeen and Gehrels in 1969 at similar phase angles and
wavelengths, and the models of atmospheric composition are shown in Figure 10.28. The
degree of polarization measured for Venus with RITPIC integrated over the entire disk is
q = -2.01%, which is slightly less than, but roughly in line with measurements of Coffeen
in Gehrels. The value measured by RITPIC is also ~0.3% less than the disk-integrated
polarization predicted by the model of Hansen and Hovenier (1974) for 655 nm light. It’s
not clear how much different the model prediction would be for light integrated over the
R band. The polarization at the equator measured by RITPIC is ~-1.2%, which is also
~-0.3% less than the value predicted by the equatorial model. This may indicate that
RITPIC has a systematic error of ~-0.3% in Stokes ¢, or the difference may be explained

by the mismatch of the model parameters and the wide passband used for observations.
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FIGURE 10.28: Previous polarimetric observations of Venus and the models of Hansen
and Hovenier (1974) for the Venereal atmosphere. The red circle shows the integrated
polarization in Stokes ¢ measured by RITPIC in the Bessel R band and the square shows
the polarization at the equatorial point. This figure is adopted from Fig. 12 of Hansen
and Hovenier (1974) (©American Meteorological Society. Used with permission.
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10.2.3 Observations of Nebulae

The final class of objects observed during the first on-sky deployment of RITPIC were a
number of reflection and planetary nebulae. These objects are very challenging to observe
due to their low surface brightness. On the other hand, nebulae rarely show the kind of

steep intensity gradients that are seen in images of stars or solar system planets.

NGC 2867 Hen 401 HD 44179

NGC 5307 IRAS 12419 Frosty Leo

30 arcseconds

FIGURE 10.29: Raw images of some planetary (and protoplanetary nebulae) acquired
with Gen 4 RITPIC at the 36” telescope at CTIO. The scale is the same in all images.

The images of nebulae were processed using the procedure described in Section 9.2.3.
First, the individual subframes were registered to account for the 1 pixel offset. Next,
the subframes for all exposures were co-added. Finally, the polarimetry was performed
on a pixel-by-pixel basis. In this section, I present some initial observations of polarized

nebulae and compare with previous polarimetry of these objects.
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10.

2.3.1 Hen 401

Henize 3-401 (IRAS 10178-5958) is a bipolar proto-planetary nebula, surrounding a Be

post-AGB star. HST imaging shows Hen 401 to be ~20 x 5 arcseconds. I acquired 5

300 second exposures in the R filter of Hen 401 on February 6th, 2016. The normalized

Stokes parameter maps for Hen 401 are shown in Figure 10.30. The nebula shows very

strong polarization in both ¢ and u, reaching a maximum of ~50% in the lobes. The

region near the central star is very weakly polarized. The degree of linear polarization

map for Hen 401 is shown in Figure 10.31.

DEC (arcsec)

DEC (arcsec)

10 35

"Stokes ¢
5 ol .

L

0 L
5| i

Hen 401
10 ‘ : ‘

10 5 0 5

RA (arcsec)

-10

05 10 :
Stokes u
5l <TWT H} [
. _i;__ L 4.
,.!ifah =h_;
0 0 I [ - ]
- = a
i 5t Ls ’
-0.5 -10 : ; -
10 5 0 -5 -10

RA (arcsec)

0.5

F1GURE 10.30: Normalized Stokes parameters g and w calculated for Hen 401 using 5
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FiGure 10.31: The R band Stokes I image and the degree of linear polarization map

for Hen 401.
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FIGURE 10.32: Left: HST imaging of Hen 401 from Ueta et al. (2007) showing the
total (a) and polarized (b) flux. Right: Maps of the degree (c) and angle (d) of linear
polarization. (©AAS. Reproduced with permission.

The peak polarization in the lobes and the low polarization “trench” near the center
agree with previous HST polarimetry performed by Ueta et al. (2007) (Figure 10.32).
Furthermore, RITPIC observations correctly reconstruct the structure in the angle of
linear polarization (Figure 10.33). The sharp transition near the central region is clearly

resolved in RITPIC images, even with seeing-limited data.
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F1GURE 10.33: Left: The DOLP and AOLP of Hen 401 overlaid on the intensity image.
Right: a detailed map of the angle of linear polarization shows good agreement with
HST polarimetry.
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10.2.3.2 Hen 404

Henize 3-404 (IRAS 10197-5750) is a proto-planetary nebula, also known as Roberts 22.

I observed Hen 404 with RITPIC using 9 300 second exposures without any filter. This

nebula is very compact and roughly rectangular, with approximate dimensions of ~12 x

10 arcseconds. The Stokes ¢ and u maps for Hen 404 are shown in Figure 10.34. The

peak polarization measured is ~-35% in both ¢ and .
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FIGURE 10.34: Normalized Stokes parameters g and w calculated for Hen 404 using 9

Stokes I

DEC (arcsec)

RA (arcsec)

4.4

4.2

-10

300 second exposures, without any filters.

0.1
S 1-0.2
03
10 ‘ ‘ ‘
10 5 0 5 10
RA (arcsec)
10 0.5

10 5 0 5
RA (arcsec)

F1GURE 10.35: The Stokes I intensity and the degree of linear polarization for Hen 404
measured by RITPIC.

The degree of linear polarization and the Stokes I intensity map are shown in Figure

10.35. Compared with HST polarimetry of Ueta et al. (2007), the images acquired

with RITPIC show a significant loss of detail due to atmospheric blurring. Because
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the polarization structure of Hen 404 shows very localized regions of high polarization,
the peak polarization measured by Ueta et al. (2007) is higher than that measured by
RITPIC. However, the structure in the angle of linear polarization is still resolved in the

RITPIC polarimetry.
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FIGURE 10.36: Left: HST imaging of Hen 404 from Ueta et al. (2007) showing the
total (a) and polarized (b) flux. Right: Maps of the degree (c) and angle (d) of linear
polarization. (©AAS. Reproduced with permission.
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FIGURE 10.37: Left: The DOLP and AOLP of Hen 404 overlaid on the intensity image.
Right: a detailed map of the angle of linear polarization shows good agreement with
HST polarimetry. (©AAS. Reproduced with permission.
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10.2.3.3 Frosty Leo

Frosty Leo (IRAS 09371) is a well known, highly polarized, proto-planetary nebula. I
observed Frosty Leo on February 8, 2016, using 10 120-second exposures without using
any filters. The Stokes ¢ and u maps are shown in Figure 10.38). Some polarization
artifacts can be seen in the background of these images, where the signal-to-noise ratio is
very low. The Stokes I and degree of linear polarization maps are shown in Figure 10.39.
The peak polarization observed with RITPIC is ~50% for this system, which agrees with

previous measurements (Scarrott and Scarrott, 1994).
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FI1GURE 10.39:
Left: The Stokes I intensity shown on a log scale. Right: The maximum fractional
polarization peaks at ~50% in the ansae.
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The angle of linear polarization maps are shown in Figure 10.40. The outflows driven
by the central star show a complex and coherent structure, which is traced with high

resolution by the angle of linear polarization.
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F1GURE 10.40:
Left: The degree and angle of polarization of Frosty Leo, indicated by the length and
orientation of the marks. Right: The angle of linear polarization shown as a colormap.
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Conclusion

The work described in this dissertation was performed with the goal of establishing the
suitability of micropolarizer-based polarization sensors for astronomical polarimetry. To
that end, I investigated the design of MPA-based detectors, developed device character-
ization and data calibration techniques, and performed on-sky evaluations by observing
a variety of astronomical sources. In this chapter, I summarize the key findings of this

work and discuss applications that are most suited for these versatile devices.

11.1 Design and Performance of MPA-based Sensors

The current generation of polarization sensors, fabricated by aligning a micropolarizer
array with an off-the-shelf imaging sensor, show a throughput of ~35% (for unpolarized
light) and an average broadband contrast of ~35:1. The performance is roughly constant
across the visible range (with a decrease in contrast to ~20:1 in the 300nm - 400 nm
range). The throughput appears to be limited by the nonuniform fill-factor of the mi-
cropolarizer arrays, caused by opaque gaps around each micropolarizer. The contrast
ratio is limited by several cross-talk mechanisms (see Figure 11.1). Of these, the three

most significant ones are:

e Diffraction of light by micropolarizers, which causes light transmitted by one mi-
cropolarizer to end up in a detector pixel designated for a neighboring polarizer (see

192
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Section 5.2). The fraction of light collected by a single detector pixel that can be
attributed to this mechanism depends on the pixel size, distance from the micropo-
larizer array, and the wavelength of light. In the visible range, with 9 pm pixels, at

a distance of several microns, the contrast is ~200:1 (Figure 5.9 and Figure 5.10).

e Reflections within the glass substrate (Figure 11.1, Path 1), as well as between the
micropolarizer array and the detector surface (Figure 11.1, Path 2) are the second
important cross-talk mechanism. We have not yet developed models to study this
mechanism; however, it is easy to imagine that even a 2% reflection from the detector
surface, to the polarizer and back can put a lot of light into a pixel which should

have measured nothing, based on the orientation of its own micropolarizer.

e The third channel for cross-talk is related to geometric optics. If the micropolarizer
array is too far above the detector surface, its effective area (as seen by a detector
pixel) is reduced, if it is illuminated by converging light rays. This means light
rays passing from a single polarizer can end up in a detector pixel designated for
another polarizer (Figure 11.1, Path 3). This effect becomes stronger for faster
(smaller f/#) beams.

®

Micropolarizer
Substrate
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Imaging Sensor

FIGURE 11.1: Several mechanisms for cross-talk exist in micropolarized-based sensors
that use off-the-shelf devices.
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The last two mechanisms conspire to reduce the contrast of micropolarizer-based sensors
from the theoretical limit of ~200:1, to the much lower values seen in detectors like RIT-
PIC. It isn’t clear that the contrast can be significantly improved by refining the process
of attaching micropolarizer arrays to off-the-shelf sensors. However, better performance
may be achieved by integrating the micropolarizer into the sensor, as part of the sensor

fabrication process.

11.2 Polarimetry with MPA-based Sensors

The throughput and contrast of micropolarizer-based sensors are important performance
parameters, however, they do not limit the ultimate accuracy or precision of measure-
ments made with these polarimeters. The measurement uncertainty is limited by
the accuracy of the device characterization, the measurement strategy, and
photometric shot noise. Higher average throughput and contrast only help by allowing
a certain photometric SNR to be reached with fewer incident photons. In this section, I

will discuss some practical considerations important to polarimetry with these sensors.

11.2.1 Device Nonuniformity and Characterization

Compared to conventional CCDs (or even sCMOS sensors), MPA-based detectors exhibit
significant nonuniformity. The throughput of pixels with two polarizer orientations can
differ by as much as 20%, and even pixels with the same orientation can vary by ~10%,
with respect to their mean (Figure 8.5). The contrast and orientations of micropolarizer

pixels also vary at a level of several percent (Figure 8.7 and Figure 8.9).

The differences in throughput, contrast, and orientation limit the polarimetric precision
of these devices. Because polarimetric information is inferred by comparing intensity
differences measured by different pixels, any intrinsic variability between those pixels will
manifest in polarimetric error. This is in contrast to beam-exchange polarimeters, where
the same pixel is used to sample the intensity along several orientations, which results

in a truly relative measurement. Therefore, the intrinsic differences between pixels must
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be precisely determined during the characterization process and accounted for during the

demodulation process.

Device nonuniformity results in both systematic and quasi-random errors. Differences
between pixels of different orientations, will give rise to systematic errors. For example,
almost all 0° pixels show higher throughput than 45° pixels (Figure 8.5). Therefore,
comparing intensities measured by a 0° pixel and a 45° pixel without correcting for
this difference will, almost certainly, result in a systematically biased measurement of
polarization. Differences between pixels of the same orientation will result in quasi-
random errors. Generally, this type of nonuniformity increases the uncertainty of the

photometry, which re-emerges as increased scatter in the polarimetric estimation.

11.2.1.1 Performing the Characterization

The parameters that describe the polarimeter (pixel throughput, contrast/efficiency, and
orientation) can be determined by illuminating the system with light whose polarization
state is known a priori. The equations that describe the response of each pixel (Equation
6.3) have 3 unknowns, and can be solved directly using 3 different input states (or more,
using linear least-squares). If the input state is not precisely known, for example if there is
some uncertainty in the angle of polarization of the incident light, the characterization can
still be performed by fitting a model of each pixel’s response (Equation 8.1) to polarized
light over a wide range of angles. I adopted the latter approach to characterize RITPIC
(see Section 8.1).

The data acquired during the on-sky evaluation of RITPIC was calibrated using a two-
step characterization process. First, I acquired unpolarized! dome flats to characterize
the non-uniformity of the telescope+polarimeter system, using a variety of spectral filters.
These flats were used in the usual way, to account for throughput differences across the
focal plane and pixel-to-pixel throughput variations (for example, due to dust on various

surfaces). The second stage of characterization involved measurements in the lab with a

IThe exact level of polarization in the flats wasn’t independently measured; however, the configura-
tion of the acquisition setup (see left panel of Figure 10.4) was designed to minimize polarization from
reflection.)
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rotating polarizer (Figure 8.1), to fully determine the relative throughput, contrast ratio,

and orientation of every pixel in the RITPIC focal plane.

Ideally, the full response of the entire system (telescope and polarimeter) would be de-
termined in one step. This could be done by introducing a rotating polarizer before the
telescope aperture or before the polarimeter, which is easier in practice. By illuminating
the system using minimally polarized flats, the polarimetric response of the entire system
could be estimated, using measurements made at multiple polarizer orientations. Due to
time constraints, this wasn’t done for RITPIC’s first on-sky deployment; however, it is

the subject of future work.

11.2.1.2 Determining the Quality of Device Characterization

There is no straightforward way to quantify the quality of the device characterization, with
measurements or with models. However, there are some useful methods to estimate the
quality of the characterization/calibration process. First, one can compare the scatter in
the raw intensities and Stokes parameters, to the variance expected from shot noise alone.
If the photometric error is shot noise-dominated, one can assume that the uncertainty
due to poor characterization is negligible. Conversely, if the photometry is not shot noise-
limited, the extra uncertainty is likely due to poor characterization. For example, the
total flux estimation of the unpolarized standard star HD 90156 has a scatter of ~ 1%,

from frame to frame (Figure 11.2).

Once the scatter in the measurements is understood, any instrumental bias can be inves-
tigated by observing polarimetric standards. Stars that have been measured to be very
weakly polarized are excellent targets for estimating the “noise floor” or “sensitivity” of
the instrument. However, the polarimeter should also be evaluated using polarization
standards that are as close to the science target as possible in terms of overall brightness

and degree of polarization.
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FIGURE 11.2: The photometry of HD 90156 shows a standard deviation of ~ 1%
about the mean. This scatter is due to shot noise and errors associated with device
nonuniformity.

11.2.2 Developing an Observing Strategy

An exquisite characterization of the telescope+polarimeter system does not, by itself,
guarantee a high level of measurement precision. Even a perfectly uniform division-
of-focal plane polarimeter is susceptible to errors associated with the “instantaneous
field-of-view” of each pixel (see Section 8.2.2 and Section 9.1). The magnitude of the
errors is related to the sampling of the telescope PSF by the polarimeter’s superpixels.
Using simulated observations, I found that a sampling rate of 4 - 5 superpixels across
a stellar FWHM is ideal. Sampling with fewer superpixels leads to an increased scatter
in the photometry, because stars do not uniformly illuminate the pixels. Increasing the
magnification beyond this point leads to other practical challenges, like decreasing the

flux per pixel and the field of view of the instrument.

The polarimetry of unresolved sources and extended objects requires slightly different

considerations. Stars are the most susceptible to sampling errors, because they represent
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the steepest intensity gradients across the focal plane. However, stellar polarimetry can
make use of techniques like aperture photometry, which can efficiently add the flux from
many pixels and increase the measurement SNR. Proper sampling is especially impor-
tant for bright sources and exposures shorter than ~1s, where speckle patterns begin
to emerge. Conversely, extended objects in astronomy often vary quite smoothly, which
helps mitigate the instantaneous FOV artifacts. The downside is that observations of
extended objects are often limited by the per-pixel photometric SNR and there is no easy

way to “add up flux”, the way we can for stars.

11.2.3 Notes on Data Analysis

There is some flexibility in processing the data acquired with micropolarizer-based po-
larimeters. Although the raw data is modulated and sampled in a non-trivial way, sub-
frames created using pixels of the same orientation can be treated much like conventional
imaging data; they can be spatially registered, co-added, and even processed with spatial
filters. Quantities like the raw pixel intensities and the Stokes parameters are normally
distributed and are largely insensitive to the order of operations. For example, deter-
mining the Stokes parameters from an average of several intensity frames gives similar
results to averaging several estimations of the Stokes parameters. Also, these quantities
are linear and can be described using formal propagation of uncertainty. For these rea-
sons, it’s advisable to work with (normalized) Stokes parameters as much as possible and
avoid biased estimators like the degree and angle of linear polarization. If the DOLP and
AQOLP are needed (for example, to compare with other measurements), they should be
constructed using the averaged Stokes parameters, to reduce the effects of noise as much

as possible.

11.3 Performance of RITPIC and Future Outlook

The performance of a polarimeter is challenging to specify, because it also depends on the

source properties. The scatter in the estimation of the Stokes parameters derived from
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multiple measurements of the same source made with RITPIC (using ~60% of the pixel
well depth) is ~0.5%. This means RITPIC cannot easily determine the polarization of
sources with fractional polarization less than ~0.5%. However, for sources with a higher
intrinsic polarization (when p/o, 2 2), many measurements can be averaged to result in
an accuracy of ~0.3%. For example, RITPIC’s measurement of the polarization of HD
78344 agrees with previous measurments at the 0.2% level (see Table 10.1). Similarly,
imaging polarimetry of Jupiter and Saturn shows structure at ~ 0.3% level. Saturn is an

especially good test case, because it has regions of very low polarization, where structure

at the this level can be discerned (see Figure 10.22).

11.3.1 Expected Performance of Similar Devices

The data acquired with RITPIC during its commissioning run was not optimally cali-
brated (see Section 11.2.1.1). The quality of the polarimetry attainable with devices like
RITPIC is ultimately limited by the quality of the photometric calibration, which relies
on accurate characterization of the device parameters like throughput, contrast, and pixel
orientation. As such, the photometric precision of RITPIC is limited by the same chal-
lenges that plague CCD-based differential photometry. As a general rule, the precision
of differential photometry is limited to the level of a few millimagnitudes (Everett and
Howell, 2001). Therefore, I expect that micropolarizer-based sensors can be calibrated to
result in a polarimetric sensitivity of 0.1% - 0.2%, which corresponds to a photometric

precision of 1 mmag and 2 mmag, respectively.

11.4 Promising Science Cases

Micropolarizer-based polarimeters are extremely versatile detectors and are suited for
a wide range of observations. Any object (extended or unresolved) that is sufficiently
bright (for shot noise-limited observations), with an intrinsic polarization =0.5% can
be measured with these sensors in a relatively straightforward way; a more rigorous

characterization should allow observation of objects with polarization as small as ~0.2%.
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The inherent stability, compactness, and ease of use (as compared to conventional po-
larimeters) afforded by micropolarizer-based sensors makes them especially suited for
deployment on smaller ground-based telescopes, as well as space-based and airborne plat-
forms. In this section, I will outline several examples of targets that can be observed by

micropolarizer-based sensors.

Solar System Planets

The surfaces and atmospheres of planets in the Solar System show changes on scales
that range from hours to years and polarization fractions that are easily accessible to
instruments like RITPIC. High cadence, long term polarimetry of the inner planets and
the gas giants may reveal interesting insights into the seasonal and daily aspects of their

atmospheres.

Comets

Polarimetry is a key tool in the study of comets. Over the course of their orbit, comets
allow measurements at a wide range of phase angles, which helps constrain the microscopic
geometry of the scattering particles in the coma. Because these sensors are inexpensive,
they can be used to develop a world-wide network of observers to provide continuous
monitoring of comets as they enter and leave the inner Solar System. The stability of
these polarimeters makes it relatively straightforward to compare measurements made

with different telescopes.

Proto-planetary Nebulae

Stars in the post-asymptotic giant branch stage of their evolution often show strong
polarization and rapid variability. These objects are often accompanied by nebulae that
also show complex and prominent polarization structure. Polarimeters like RITPIC on
1m class telescopes provide an excellent platform for long-baseline monitoring of these

objects.
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11.5 A General Purpose Polarimeter

From Lyot’s polariscope, to state-of-the-art polarimeters like the Gemini Planet Imager
and SPHERE-ZIMPOL, astronomical polarimeters have been built for very specific mea-
surements by diligent scientists. Many of these instruments were capable of extreme
precision and all of them required highly skilled and dedicated scientists for operation.
The idiosyncrasies of these instruments and the infrastructure needed to support them
hindered the spread of polarimetric techniques and instrumentation into fields beyond as-
tronomy. The polarimetric expertise developed by astronomers remained largely unknown

to the outside world.

Micropolarizer-based polarization sensors represent the first “general purpose” polarime-
ter. Although these devices are not the most precise polarimeters that have been built,
they are the first that can be taken off a telescope and immediately used with a mi-
croscope, or any other imaging system. The calibration and data analysis techniques
developed for these devices can be easily used to study the Earth’s surface, fluorophores
on a microscope slide, or the structure of human skin. This flexibility may end up being

the most useful property of these devices.
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Dissemination of Results

The work described in this dissertation forms the basis of three upcoming publications

that will be submitted to refereed journals:

1. Dmitry Vorobiev, Zoran Ninkov and Ray West, “High resolution 2D and 3D
modeling of wire grid polarizers and micropolarizer arrays”, To be submitted to

Optical Engineering.

2. Dmitry Vorobiev, Zoran Ninkov and Ray West, “Astronomical Polarimetry with
the RIT Polarization Imaging Camera [. Characterization, Calibration, and Data
Analysis Techniques”, To be submitted to Publications of the Astronomical Society
of the Pacific.

3. Dmitry Vorobiev & Zoran Ninkov, “Astronomical Polarimetry with the RIT
Polarization Imaging Camera II. Polarimetry of Point Sources, Nebulae and Solar
System Planets”, To be submitted to Publications of the Astronomical Society of
the Pacific.

While working on this project, I also contributed significantly to the development and
space-qualification of digital micromirror devices (DMDs) for use in novel multi-object

spectrometers. This work is described in two refereed publications:
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1. Anton Travinsky, Dmitry Vorobiev, Zoran Ninkov, Alan Raisanen, Manuel Qui-
jada, Stephen Smee, Jonathan Pellish, Timothy Schwartz, Massimo Robberto,
Sara Heap, Devin Conley, Carlos Benavides, Nicholas Garcia, Zach Bredl, Sebas-
tian Yllanes, “Evaluation of Digital Micromirror Devices for use in space-based
Multi-Object Spectrometer application,” Journal of Astronomical Telescopes, In-

struments, and Systems, Submitted.

2. Anton Travinsky, Dmitry Vorobiev, Zoran Ninkov, Alan D. Raisanen, Jonny
Pellish, Massimo Robberto, and Sara Heap, “Effects of heavy ion radiation on
digital micromirror device performance,” Optical Engineering, 55 (9), 094107 (Sep
29, 2016). doi:10.1117/1.0E.55.9.094107

Conference Presentations and Proceedings

Much of the work described in this proposal has been presented at various conferences

and published in the conference proceedings:

e Dmitry Vorobiev, Zoran Ninkov, Neal Brock, Ray West, “On-sky performance
evaluation and calibration of a polarization-sensitive focal plane array,” Proc. SPIE.
9912, Advances in Optical and Mechanical Technologies for Telescopes and Instru-

mentation II, 99125X. (July 22, 2016) doi: 10.1117/12.2233333

e Dmitry Vorobiev and Zoran Ninkov, ”Design, fabrication and characterization
of a polarization-sensitive focal plane array,” Proc. SPIFE, 9403, Image Sensors
and Imaging Systems 2015: Sensors, Color and Spectroscopy, 9403-9 (February 08,

2015).

e Dmitry Vorobiev and Zoran Ninkov, ” Compact polarimeters based on polarization-
sensitive focal plane arrays,” Proc. SPIF, 9143, Space Telescopes and Instrumen-

tation 2014: Optical, Infrared, and Millimeter Wave, 91435F. (August 02, 2014).

e Dmitry Vorobiev, Michael Gartley and Zoran Ninkov, ”"Polarization in a snap:
imaging polarimetry with microgrid polarizer arrays,” Proc. SPIE. 9099, Polariza-

tion: Measurement, Analysis, and Remote Sensing XI, 909904. (May 21, 2014).
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Conference proceedings related to the DMD MOS:

e Dmitry Vorobiev, Anton Travinsky, Alan D. Raisanen, Zoran Ninkov, Timothy
A. Schwartz, Massimo Robberto, Sara Heap, “Shock and vibration testing of digital
micromirror devices (DMDs) for space-based applications,” Proc. SPIE. 9912, Ad-
vances in Optical and Mechanical Technologies for Telescopes and Instrumentation

I1, 99125M. (July 22, 2016) doi: 10.1117/12.2233591

e Dmitry Vorobiev, Anton Travinsky, Manuel A. Quijada, Zoran Ninkov, Alan
D. Raisanen, Massimo Robberto, Sara Heap, “Measurements of the reflectance,
contrast ratio, and scattering properties of digital micromirror devices (DMDs),”
Proc. SPIE. 9912, Advances in Optical and Mechanical Technologies for Telescopes
and Instrumentation II, 99125U. (July 22, 2016) doi: 10.1117/12.2233638

e Anton Travinsky, Dmitry Vorobiev, Alan D. Raisanen, Jonathan Pellish, Zoran
Ninkov, Massimo Robberto, Sara Heap “The effects of heavy ion radiation on digital
micromirror device performance,” Proc. SPIE. 9761, Emerging Digital Micromir-
ror Device Based Systems and Applications VIII, 976108. (March 15, 2016) doi:
10.1117/12.2213634

e Manuel A. Quijada, Anton Travinsky, Dmitry Vorobiev, Zoran Ninkov, Alan
Raisanen, Massimo Robberto, Sara Heap, “Optical evaluation of digital micromirror
devices (DMDs) with UV-grade fused silica, sapphire, and magnesium fluoride win-
dows and long-term reflectance of bare devices,” Proc. SPIFE. 9912, Advances in Op-
tical and Mechanical Technologies for Telescopes and Instrumentation II, 99125V.

(July 22, 2016) doi: 10.1117/12.2233341
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