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Abstract. A compact long-wave infrared (LWIR) channeled spectro-polarimeter (IRCSP) has
been developed for integration into the NASA Earth Science Technology Office (ESTO) funded
submm-wave and LWIR polarimeters project to measure the microphysical properties of cloud
ice. Once deployed, the IRCSP will produce the first linear Stokes measurements (S, Sy, S,)
of upper-tropospheric cirrus clouds from 8.5 to 12.5 ym. For the first time, a compact,
light-weight, and uncooled LWIR polarimeter with off-the-shelf thermal optical components
is demonstrated. We report narrowband calibration measurements which quantify metrics of
polarimetric system performance. The response of the system to linearly polarized light is shown
to agree with both a Mueller matrix model and modulation function for narrowband calibration
measurements with an R? > 0.98 from 8 to 11 um. The polarimetric efficiency is >0.8 from 8 to
11 um for narrowband measurements indicating satisfactory performance of the polarization
optics. Beyond 11 um, the agreement is significantly reduced as thermal noise compounds with
reduced detector response. Ultimately, the observed system performance is limited by the spec-
tral response of the detector past 11 um in addition to the thermal noise inherent for the mea-
surements at room temperature. © The Authors. Published by SPIE under a Creative Commons
Attribution 4.0 Unported License. Distribution or reproduction of this work in whole or in part requires
full attribution of the original publication, including its DOI. [DOI: 10.1117/1.0E.59.7.075103]
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1 Introduction

Clouds remain a major source of uncertainty in current global climate models (GCMs)." Ice
clouds, in particular, have been used as a tuning parameter in GCMs to absorb modeling errors
in the radiation budget at the top of atmosphere and precipitation at the surface.> As a result, a
wide spread of cloud ice values are reported from the models.>* The need for observational
constraints on model cloud ice is highlighted in the National Research Council Earth
Science Decadal Survey study (2007), in which the Aerosol-Cloud—Ecosystems Mission (ACE)
recommended an advanced science payload with combined submm-wave and IR radiometers to
improve the accuracy of cloud ice measurements.'

Remote sensing of global cloud ice has been a challenge from space. Despite great advances
from CloudSat radar and other satellite sensors, accuracy of ice water path (IWP) measurements
is still a factor of 2 or greater between different observations, mostly due to assumptions about
ice particle size.*®* Wu and Gong have shown that an additional 40% error in microwave-derived
IWP may occur for polarized radiance measurements, because cloud scattering radiances from
ice particle shapes are often polarized.>” Scattering models have demonstrated that spectrally
dependent measurement of degree of linear polarization (DOLP) would provide the needed
insight into particle aspect ratio and diameter.*5'°

The first global polarimetric study of ice crystals was performed by the Global Precipitation
Measurement Microwave Imager (GMI) which investigated H-V polarization variances in the
89- and 166-GHz channels.!! This mission attained great success demonstrating the ability to
constrain particle shape factor, however uncertainty in density and size significantly impacted
results.!! Higher frequency polarimetric measurements are necessary to probe crystals of smaller
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diameters to decode the full microphysical information.'®!" Recently, Coy et al.'* have shown
that LWIR linear polarization measurements are particularly sensitive to ice crystal in optically
thin clouds.

The University of Arizona in conjunction with NASA’s Goddard Spaceflight Center devel-
oped a compact conical scanning LWIR polarimeter to perform the first linear Stokes measure-
ments of cirrus clouds from 8.5 to 12.5 um. As a part of the submm-wave and long-wave infrared
polarimeters for cirrus ice properties (SWIRP) project, the LWIR polarimeter will operate in
conjunction with two sub-mm radiometers (220 and 680 GHz) to measure the full dynamic range
of ice particle sizes. The cloud-induced polarimetic variances at 220 GHz, 680 GHz, and in the 8
to 12 ym bands provide the wide dynamic range in sensitivity needed for measuring IWP
>5 g/m? and particle diameters <30 um.>!* The science requirement of at least 1 K thermal
resolution in this waveband enables the measurement of bulk particle shape for diameters below
30 ,um.2 Once assembled, the full SWIRP instrument will have a volume of <11 L and is viable
for both CubeSat or small distributed flight system deployment.

An infrared channeled spectropolarimeter (IRCSP) approach was chosen to achieve full lin-
ear Stokes measurements in a compact housing without the need of moving components.'* With
a volume of 120 ml, the polarimeter is designed to be compact, cost-effective, and low risk while
maintaining high performance. The IRCSP performs a spectrally dependent polarization modu-
lation to produce a cosinusoidal intensity pattern at the detector whose intensity is proportional to
DOLP. The angle and amplitude of the intensity patterns produced by the IRCSP are used to
retrieve the angle of linear polarization (AOLP) and DOLP.

Channeled-polarimeters have been shown to be effective in producing instantaneous hyper-
spectral polarimetric data without sacrificing spatial resolution and have many remote sensing
applications.'>** Tannarilli et al. previously demonstrated an LWIR polarimetric hyperspectral
imager capable of measuring the DOLP and AOLP of light scattered from ocean surfaces to
estimate local surface orientation.'” Channeled spectropolarimeters have also been applied to
ground mine detection and atmospheric aerosols sensing from space.”*** In addition, the
SPEX-airborne hyperspectral multiangle polarimeter demonstrated success utilizing a channeled
polarimeter for aerosol characterization in the visible.'®"'8%226 Dye to ozone-induced atmos-
pheric attenuation in the thermal IR, it is necessary to measure both orthogonal modulated paths
in order to perform both radiometric and polarimetric measurements across the spectrum. van
Harten et al.” previously demonstrated success using a dual-path approach to maintain accuracy
in spectral line polarimetry.

The final SWIRP IRCSP instrument has a total dimension of 2 X 2 X 10 cm and a steady state
power consumption of 0.5 W. To achieve this compact and efficient specification, the IRCSP is
constructed using a combination of birefringent crystals serving as multiorder waveplates, and a
wiregrid linear polarizer (LP) tiled at 20 deg to modulate the signal in both transmission and
reflection. While single-detector solutions such as Wollaston prisms and polarization gratings
were considered, a dual-camera LP approach was chosen to demonstrate the instrument on
schedule and reduce risk. In the dual-camera design, the LP is followed by two identical optical
paths consisting of diffraction gratings (DG) and uncooled microbolometer detectors. The com-
pact and efficient design is possible due to the recent availability of low-noise equivalent differ-
ential temperature and compact uncooled microbolometers. Long-term deployment and
radiometric calibration of these detectors been successfully demonstrated by Nugent and
Shaw.?”’ In addition, Polaris Sensor Systems has shown success utilizing these uncooled detectors
for LWIR linear imaging Stokes camera by applying a microfilter array close to the microbol-
ometer focal plane.?®%

2 Theory

2.1 Linear Stokes Polarimetry

The Stokes parameters uniquely quantify the polarization state of incoherent light with four
numbers: [Sy, S, S, S3]. The first component, Sy, is the total radiance, and the other components
also have units of radiance. The normalized unitless Stokes parameters s = S/Sy = [1, 51, 2, 53]
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are similarly represented by lower case s. The definitions of linear Stokes parameters S; and S,
are associated with a given coordinate system. Circular polarization Sj is typically negligible for
sunlight scattered by the atmosphere or Earth’s surface. The linear Stokes components are often
combined into a dimensionless quantity, the DOLP

NEE 1
DOLP:p:%:\/s%ﬂ%:%, ey
0

where I, is the polarized radiance (the fraction of light in the scene that is polarized) and A =
S is the total radiance.’” The AOLP is

1
AOLP = 0 = - tan™ <S2> . )

Note that DOLP is invariant to the coordinate system but AOLP depends on the coordinate
system. A 3 X 1 linear Stokes vector is expressed in terms of A, p, and € as

S(/I) = Al[l’pl Cos zgi»pﬁ sin 29/1][7 (3)

where 7 denotes transpose.’’ Here, A, is the spectral intensity of the target and both AOLP: 6, and
DOLP: p, are functions of wavelength. The notations for Stokes parameters in this document are

S is the polarization state of the object, S is the polarization state incident on the camera, and Sis

the reconstructed linear Stokes vector. In a noise-free model S = MS where M is the cumulative
Mueller matrix of the optical system.

2.2 Dual-Path Channeled Spectropolarimeter

A channeled spectropolarimeter is utilized to measure the spectrally dependent AOLP and DOLP
in a compact instrument. This instrument is comprised of a series of polarization modulation
components followed by a DG and imaging lens, which image a polarization modulated spec-
trum at the focal plane. The polarization modulation is performed by a quarter-wave retarder
(QWR) with a fast-axis at 45 deg followed by a CdSe crystal high-order retarder (HOR).
This combination acts as a wavelength-dependent circular retarder where the magnitude of the
retardance is inversely proportional to wavelength. The thickness and birefringence of the HOR
were selected to produce a difference of four waves of retardance from 8.5 to 12.5 ym.

In the SWIRP instrument, the rotated polarized light is modulated by a wiregrid LP tilted at
20 deg, which separates the 0-deg and 90-deg polarization states as a polarizing beam splitter.
The reflected and transmitted paths are both measured by two different cameras to distinguish
wavelength-dependent transmission from polarization-dependent transmission. '*

For unpolarized light, the flux is evenly divided into reflected and transmitted paths by the LP
since the QWR and HOR do not induce polarization. When linearly polarized light is incident,
the output polarization from the QWR and HOR is rotated as a function of the wavelength, as
shown in Fig. 1. The relative transmission and reflection from the LP then depend on wave-
length. This transmission and reflection through the linear polarization are periodic functions
with opposite polarities. The amplitude of modulation is proportional to the DOLP, and the phase
offset is proportional to AOLP. The SWIRP instrument is designed to measure DOLP and AOLP
with 1-um resolution, as rapid variation with wavelength is not expected.'? Finally, the DG and
imaging lens form a spectrum at the focal plane forming a 64 x 2 array for each polarization
channel, 64 for the spectral sampling, and 2 for spatial sampling. The amplitude and phase of the
spectral modulation in each 1-uym band provide the polarization measurement.
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Fig. 1 The transformation of broadband linearly polarized light with constant DOLP and AOLP as
propagated through the IRCSP Mueller matrix model. The polarization is altered as a function of
wavelength as it passes through the QWR and HOR. Following the HOR, the beam is split and
modulated by a linear polarizer in reflection and transmission.

2.3 Dual-Path Mueller Matrix Model

The Mueller matrix model for the two paths to each camera ¢ = 1,2 is

M, (6,2) = 1ipa (4 O)rDg (4, O)P(4),
Tror (4. 0)LR[5(2),0 deg|Tqwp(4, O)LR[w/2 +1(2),45 deg]Tiens(4.0). 4)

Here bold uppercase letters denote 4 X 4 Mueller matrices, T are scalar-valued transmissions,
and y are scalar-valued efficiency. The spectral absorptivity of the focal plane array (FPA) and
efficiency of DG are denoted ygp, and yf, respectively. The transmission of the lens, the HOR,
and the QWR are T o5, Tror» and Tqwp, respectively. The dependence of these values on wave-
length and AOLP is denoted by the arguments (4, 8). The two arguments of the linear retarders
(LR) are the magnitude of retardance followed by the orientation of the fast-axis. The term
LR[5(4),0 deg] is a horizontal fast-axis linear retarder with a wavelength-dependent retardance.
The term LR[z/2 + n(4),45 deg] is a quarter-wave linear retarder oriented at 45 deg.”® The
departure from an ideal quarter-wave of retardance is modeled by the wavelength-dependent
parameter 7(A). The linear polarizer is represented as P¢ where the superscript denotes the
reflected or transmitted path to the camera c. To simplify Eq. (4), the scalar transmission and
efficiency terms are combined. Components upstream of the linear polarizer are
a(4,0) = TpensTuor Towp- After the linear polarizer, the polarization in each path will be con-
stant f.(4,0 = 6,) = p.(1) = yipatha-

The wavelength-dependent intensity measured by camera c is related to the cumulative sys-
tem Mueller matrix M, and the polarization state of the object S as

T1.(p.60.2) = [S.(p.6.2)]y = [M.(6.2)S(p. 6. 2)];. Q)

where [.], denotes the first element, i.e., intensity i . of the Stokes vector S, incident on camera c.
Simplifying the matrix—vector product on the RHS of Eq. (5) results in an intensity pattern that is
periodic in wavelength
~ 1
I1.(p,0,2) = EAN(/L 0)B.(M){Z.(1) £ A.(A)p;]e(A) cos 20, sin 5(4) + cos 5(A) sin 26,]},
(6)

where the & is addition for the transmitted ¢ = 1 path and subtraction for reflection ¢ = 2.
Wavelength dependence is denoted as an argument to a function for the optical components
and as subscripts to the AoLP, 6,, and DoLP, p;,, of the incident Stokes vector. The spectral
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dependence deviation from the ideal quarter waveplate retardance is €(4) = cos[n(4)]. The maxi-
mum transmission and reflection of the linear polarizer are denoted 7™, Tmin  pmax gapd Rmin
These are combined X, = 7™ 4 7m0 A, = 7max _pmin 3, — Rmax 4 gmin - apd
A, = R™* — R™"_In total, nine parameters: a(4,0), B.(1), Z.(1), A.(4), €(4), 6(1) are fit
to calibration measurements at varying incident AOLPs and wavelengths. In an ideal system:
Tmin =, 7" = 1, n = 0, and (4, 0) = (1) = 1; V A. Thus for the ideal system the fringe
pattern reduces to

- A
I(p.6.2) = 5 {1 £ p; sin[5(4) - 26,]}. )

where the spectrally dependent retardance p;, defines the frequency of a sinusoidal pattern; this is
called the carrier frequency. The magnitude of this sinusoidal pattern is the DOLP p, and the
phase shift is proportional to AOLP 8,

2.4 Modulation Function

The Mueller matrix model described in the previous section provides a continuous representation
of all polarization-dependent and polarization-independent transmission, efficiency and retard-
ance of the system. An additional performance characteristic in spectro-channeled polarimetry is
the spectral blurring due to the finesse of the DG and the field stop geometry. Consider the one-
dimensional spatial distribution of a monochromatic source at the FPA denoted by f.(4;, x). An
interplay of the DG’s finesse and the field stop geometry determine the overlap of this distri-
bution for adjacent wavelengths.?! In a pixel-sampled continuous to discrete model, the mono-
chromatic intensity given by the Mueller matrix model in Eq. (6) can be expressed instead as a
set of broadband noise-free measurements

L

Poslp.0) =3 1p.0.3) [ s ®

=0 J

where P ; is a noise-free measurement from camera c and pixel j. Each noise-free measurement
is an incoherent sum of L wavelengths 4, that contribute to pixel j where the pixel has an active
area pitch of x;, | — x;. In Eq. (8), the modulation of 1.(p.0.4,) is effectively blurred by broad-
band incident light.
To estimate an intensity 1 +(4;) at wavelength samples /;, a spatial average is computed over
the range of f.(4;, x). Narrowband calibration measurements are used to estimate f.(4;, x).
To characterize spectral blurring, the SPEX polarimeter'®* defined a modulation function

M) = M - W(ll){Sl cos {%@] _ S, sin {%@)} } ©)

1

where W(4) is termed the polarimetric efficiency, and §(4) is the carrier frequency in Eq. (6).
These two parameters are fit to calibration data. All linear terms in Eq. (6) are combined into the

polarimetric efficiency. A noise-free simulation of ic and associated modulation function are
shown in Fig. 2. The phase of M(A) depends on the AOLP, and the amplitude depends on both
the polarimetric efficiency and DOLP. Due to dispersion, the frequency of modulation is higher
at lower wavelengths.

3 Optical Design

3.1 Dual-Path Optical Design

In the preliminary design, the linear polarizer was not tilted and only the modulated transmitted
intensity was measured. Once the Mueller matrix data reduction was modeled using atmospheric
and system transmission data, it became apparent that the ozone absorption band between 9.5
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Fig. 2 Simulated noise-free modulation function: (a) the intensity in paths 1 and 2 and (b) the
modulation function. The frequency of modulation is proportional to 1/4 due to the dispersion
of CdSe. Reduced contrast from the linear polarizer in reflection causes the modulation function
to be reduced.

and 10.5 ym would produce a significant artifact to the order of 1 modulation period, reducing
the accuracy of measurements from 9 to 11 um. Since the ozone band extends over one period of
modulation, both 0-deg and 90-deg polarization outputs of the modulation elements must be
preserved to distinguish between source radiance and degree of polarization.

There are several drawbacks to the dual-path approach. First, a single camera configuration is
ideal to preserve power and reduce noise. Second, the most significant departure in SWIRP from
the ideal model in Eq. (7) is due to the linear polarizer’s varied performance in reflection and
transmission. The closest realization of the ideal system would be achieved using a Wollaston
prism to image both modulated paths with high contrast onto the same detector. However, due to
the risk associated with obtaining and then evaluating a CdSe Wollaston prism or an LWIR
polarization grating, the linear polarizer approach was chosen to demonstrate the instrument
concept.

3.2 Microbolometer Selection

In the first instrument prototype, FLIR’s Tau2 was chosen due to its demonstrated
performance.”’” However, due to the tight spatial requirements imposed by other subassemblies
inside the full SWIRP instrument, even a single Tau2 camera could not be oriented to fit in the
drum. For this reason, FLIR’s Boson uncooled microbolometer was chosen to replace the Tau?2.
While the Boson’s 2.1 X 2.1 X 1 cm footprint met the form factor requirements, the detector has
not been previously demonstrated in a spectral imaging application, nor was spectral response
information for the camera available at the time of purchase. Extensive characterization of this
detector’s performance and stability over time will be the subject of ongoing work for this instru-
ment and is likely be the ultimate limiting factor in the instrument’s performance. However if
successfully stabilized, the Boson’s low-cost, low power, light-weight, and compact nature make
it attractive for the use in rapidly deployable LWIR remote sensing.

3.3 Prepolarization Optics

The front aperture of the system consists of two collimating lenses with a field stop. This
assembly serves to reduce stray light in the system, reduce systemic polarization introduced
by the Fresnel coefficients for rays with large AOIs, and match the spatial resolution the
IRCSP to that of the sub-mm instruments. The field stop dimension perpendicular to the plane
of diffraction from the gratings dictates the instruments spatial field of view, and the dimension
parallel to the field of view dictates the instrument throughput and spectral resolution. The trade-
off between throughput and spectral resolution and the optimization of field stop dimension is
the subject of ongoing work. For this preliminary characterization, a 100-um field-stop was
chosen to maximize throughput. For a field-stop of this dimension, cumulative diattenuation
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Fig. 3 (a) Optical layout of dual-path IRCSP and (b) inside of the instrument with the lid removed.
The maximum allowable envelope for the IRCSP subsystem is 120 ml or 0.12 U and is shown as
the transparent green box in (b). This volume constraint for the IRCSP limited the detector choice
to uncooled microbolometers.

is estimated to be <0.005 across the entrance pupil. For the analysis presented in this work, we
assume the effect of polarization-dependent transmission to be negligible compared to the reduc-
tion in polarimetric efficiency from spectral blurring and linear polarizer contrast.

3.4 Polarization Optics

The choice of optical elements was driven by performance, availability, and form-factor require-
ments. CdSe was selected as the birefringent material for the HOR due to its thermal stability and
well-documented performance in the LWIR. An off the shelf cadmium thiogallate (CdGa2S4)
zero-order wave-plate from Edmund Optics was purchased as the QWR. The HOR was designed
to produce four waves of variation in retardance across 8.5 to 12.5 ym. Using Polaris-M polari-
zation raytracing software from Airy Optics, the required thickness was calculated to be
5.01 mm.**~** In general, the net retardance of any birefringent crystal will vary with temperature
as the material expands or contracts.*® To calculate the net retardance as a function of wavelength
and temperature, the linear coefficient of thermal expansion is combined with the Sellmeier
coefficients for CdSe as described by Hale and Day.*>* For the IRCSP HOR, the deviation
in net retardance across the bandwidth is calculated to be less than one-fifth of a wave for temper-
atures of 270 4+ 30 K. While the retardance of the QWR is known to be <1/40 at 20°C, the
measurements of the retardance at lower temperatures are not available. However, CdGa,S, has
demonstrated thermal stability and hardness for temperatures <500°C, and thermal retardance
variation is assumed to be minimal for this zero-order retarder.’’

3.5 System Assembly

The system was assembled in the Large Optic Fabrication and Testing Facility at the University
of Arizona in June 2019. With the exception of the CdSe crystal, all components can be obtained
either off the shelf or with minimal lead times and included: a Moxtek wiregrid polarizer, BD-2
collimating lenses from Thorlabs, and a ruled blazed grating from OPCO. The instrument’s
mechanical housings are all anodized aluminum, and an aperture mount was produced to enable
future integration into the full SWIRP drum as seen in Fig. 3. Assembled, the full system has a
volume of 120 ml and is approximately the size of a smart phone.

4 Methods

To characterize the assembled IRCSP, the response of the system as a function of AOLP and
wavelength for fully and unpolarized light is measured.
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4.1 Data Pipeline

The two FLIR Boson cameras are configured using the software developers kit (SDK) and the
Video Power and Communication Interface Module produced by OEM Cameras to simultane-
ously collect measurements using master-slave mode. The data acquisition software is config-
ured such that all auto-gain and preprocessing look-up tables are disabled to return a raw 16-bit
count for the M = 90 X N region of interest R, [m, n].

For this demonstration, data were collected using the python camera control software devel-
oped using the SDK by the University of Arizona. The development of the on-board data han-
dling and power regulation for the IRCSP to meet power and data rate requirements for the whole
SWIRP assembly is ongoing at GSFC.

4.1.1 FPA temperature nonuniformity correction

The first step in the data pipeline is to correct for the change is response due to any variation in
focal plane temperature. Utilizing the calibration algorithm developed by Nugent and Shaw, the
corrected signal is given

R.[m,n] — b[m, n](AT)
1 —m[m,n|(AT)

C.m,n] = (10)

where b and m are functions of the difference between the cameras’ current FPA temperature and
a reference temperature AT.>” The calibration coefficients have been previously determined at
each pixel by measuring the variation is response as a function of FPA temperature.'**’

4.1.2 Dark-field correction

After the NUC, a dark-field correction is applied to reduce the effects of stray thermal radiation
within the instrument. In flight, the dark-field images will be collected once per drum revolution
via a space view. For in lab calibration, the dark-field images are recorded once every wavelength
scan (100 images) with the optics blinded. The dark-field images are then corrected for FPA
temperature using the NUC correction described in Sec. 4.1.1. The dark-field corrected image
is then calculated

Cc.corr[mvn] = Cc[m’n] _Dc[m!n]’ Y

where D.[m, n] is the dark-field image for camera c.

4.1.3 Spectral assignment

The final step in the preprocessing data pipeline is to associate the pixel values with wavelength.
During calibration, a monochromator is utilized to determine the pixel location of the peak
response at each wavelength. In order to locate the signal at wavelengths where the signal-
to-noise ratio (SNR) is reduced, the pixel location is fit to a linear model as seen in Fig. 4.
The intensity at a given wavelength is then calculated as the average of the pixels adjacent
to location of maximum response. The number of averaged pixels is dependent on the physical
size of the diffracted order. For the 100-um pinhole installed in this configuration and a source
bandwidth of 94 nm, the size of the diffracted order is 6 pixels, and 3 pixels are averaged to
estimate the intensity at a given wavelength. For this publication, intensity units are reported as
the corrected analog digital count.

4.2 Model Fit

To characterize the instrument performance, the response of the system as a function of AOLP is
fit to both the Mueller matrix model in Eq. (6) and the modulation function in Eq. (9) at each
wavelength. The coefficient of determination R? describes how well the data are explained by the
model for the given input parameters
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Fig. 4 The pixel location of the diffracted order in each path as a function of wavelength. A linear fit
is applied to the pixel location of the maximum intensity calculated during calibration.
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where y are the data, y is the model estimate, and y is the sample mean of the data for a given
input. This value can be used to indicate how well the model describes the data, where RZ=1
indicates an ideal fit and R? = 0 indicates no correlation between the data and model. The R?
values for the Mueller Matrix model and modulation function are reported as a metric of their
ability to describe the measured instrument performance.

5 Results

In June 2019, the IRCSP was delivered to NASA Goddard Space Flight center for first light char-
acterization. To evaluate the response of the system as a function of wavelength, the system was
placed in a testbed with a monochromator and blackbody source at 1000°C. All tests were per-
formed at room temperature and 5-five independent measurements were taken in each configu-
ration. For all measurements the monochromator was operated with a slit size corresponding to a
spectral resolution of 94 nm. The output of the monochromator can be assumed to be unpolarized.

5.1 System Response

As anticipated and shown in Fig. 6, the unpolarized response of the system in reflection and
transmission is not identical. Specifically, the transmitted path in camera 1 observes a sharper

Fig. 5 Layout of the monochromator testbed at GSFC. The components are 1. black body source,
2. optical chopper, 3. monochromator input slit, 4. monochromator, 5. output slit, 6. spectral filter
wheel, 7. off-axis parabolic mirror, 8. fold mirror, 9. reference detector, 10. linear polarizer on rotat-
ing mount, and 11. IRCSP.
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decrease in efficiency at 9 pm than in reflection. The response in both cameras is nearly identical
past 10 ym where the responsively of the detector is the dominant factor. These variations are
likely due to the difference in grating efficiency for the orthogonal polarization states exiting the
linear polarizer. The signal-to-noise ratio (SNR) is plotted in Fig. 9. At room temperature, the
system achieves SNR >100 from 8.5 to 10.5 um. The SNR are similar for each camera.

Unpolarized response Polarized response AOLP =0

1200 - Camera 1 « Camera 1
— 1000 = Camera2 . » Camera 2
8 >
< 800 %
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= 400 %’
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. i s
8 ° 10 " 12 13 8 9 10 11 12 13
Wavelength (um) Wavelength (um)
(a) Unpolarized response (b) Polarized response

Fig. 6 Measured response 70 in camera 1 (reflection, red) and camera 2 (transmission, blue) to:
(a) unpolarized light and (b) polarized light with DOLP = 1 and AOLP = 0 deg. The response is
reported as the analog digital count (ADU). Departure from equal cameras 1 and 2 measurements
for unpolarized illumination indicates polarization-dependent efficiency in the DG following the lin-
ear polarizer.
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Fig. 7 Fit of normalized intensity in camera 1 (red) and camera 2 (blue) to Mueller matrix model in
Eq. (6) for A = 8.5, 9.5, 10.5, and 11.5 um. R? [Eq. (12)] values for each fit are shown above fig-
ures. Modulation is better in the transmitted path, as seen by the higher camera 2 R? as compared
to camera 1. A significant reduction in R? values for both cameras is observed at the highest
wavelength.
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To test the polarization-dependent response of the system, a rotating linear polarizer was
placed between the monochromator output and the instrument’s front aperture. The tabletop
setup with the linear polarizer is shown in Fig. 5. The linear polarizer was rotated to produce
measurement with DOLP = 1 and AOLP € [0 deg, 180 deg| for 100 wavelengths between 8
and 13 um. The average response of the instrument at each wavelength for AOLP = 0 deg is
shown in Fig. 6(b). Figure 6(b) shows the expected modulation with opposite polarity in
each path.

5.2 Monochromator Calibration

To evaluate the systemic polarization error, we first evaluate the fit of the data taken using the
monochromator to both the Mueller matrix model in Eq. (6) and the modulation function in
Eq. (9). As a result, spectral blurring is minimized and the polarimetric performance of the sys-
tem is sampled with a narrowband illumination of 94 nm spectral bandwidth.

5.2.1 Fit to Mueller matrix model

For the Mueller matrix model fit, the polarization-independent transmission parameter a from
Eq. (6) is first fit to the unpolarized response in Fig. 6 and used to normalize the response of the
polarized measurements (Fig. 8). The normalized intensity of the system at each pixel as a func-
tion of AOLP is then fit to the eight additional parameters from Eq. (6). The result of this fit and
the associated R? values are shown in Fig. 7 for 8.5, 9.5, 10.5, and 11.5 um. As expected from
the results in Fig. 9, R? is reduced past 11 um. For all wavelengths, the fit in camera 2 outper-
forms that for camera 1.
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Fig. 8 The estimated intensity 70 as a function of AOLP and wavelength for DOLP = 1 calculated
using the spectral assignment procedure discussed in Sec. 4.1.3.
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Fig. 9 The calculated log (SNR) at room temperature for cameras in path 1 (reflection) and path 2
(transmission) to unpolarized light calculated from the data in Fig. 6. SNR declines abruptly past
11 um.
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Fig. 10 The modulation function M [Eq. (9)] computed from fully polarized narrowband calibration
measurements as a function of AOLP and wavelength. The modulation function is degraded at
wavelengths higher than 11 um due to the camera SNR reported in Fig. 9.

5.2.2 Fit to modulation function

To calculate the modulation function, first the intensity profiles of the signals in paths 1 and 2 are
corrected for transmission using the unpolarized calibration measurements in Fig. 6. Then, the
modulation function for each input AOLP is calculated using Eq. (9). As expected, the phase of
the measured modulation function will shift with AOLP as seen in Fig. 10. At longer wave-
lengths, the modulation function loses its expected appearance as increased noise in both cam-
eras is compounded by applying Eq. (9). Figure 11 shows the fit of the measured modulation as a
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Fig. 11 Fit of measured modulation function to Eq. (9) for A = 8.5, 9.5, 10.5, and 11.5 um. R?
values [Eq. (12)] for each fit are shown above figures. As with the Mueller matrix model fits
(Fig. 7), there is a significant reduction in R? past 11 um.
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Fig. 12 Estimated retardance from calibration data. Solid line is the calculated retardance for the
CdSe dispersion model with a thickness of 5.01 mm. Dots are retardance estimated at each wave-
length during narrowband calibration. Agreement between the two at shorter wavelengths indi-
cates that the polarization optics are performing as intended. The abrupt deviation from the
expected retardance modulation above 11 um will reduce the accuracy of polarimetric retrievals
at these longer wavelengths.
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Fig. 13 Polarimetric efficiency of the system W(/l) for narrowband light in red plotted over the
measured modulation for AOLP = 0. Efficiency is greater than 0.8 from 8 to 11 ym.

function of AOLP to Eq. (9). The result of this fit and the associated R? values are shown for 8.5,
9.5, 10.5, and 11.5 um.

When fitting to the modulation function in Eq. (9), both the polarimetric efficiency W and
retardance & are estimated as for each measured wavelength. Figure 12 shows the retardance
calculated using a known dispersion model for CdSe as well as the retardance estimated by
fitting the measured data to Eq. (9) at each wavelength during calibration. From 8 to 11 ym
the estimated retardance shows good agreement with the expected result. Figure 13 shows the
estimated efficiency w plotted over the measured modulation for AOLP = 0. In the ideal system,
the modulation function should range from —1 to 1 with an amplitude of 2. For the narrowband
monochromator data, W ranges from 0.8 to 0.9 from § to 11 um. Since the spectral blurring is
minimized for this data, the difference in contrast in reflection and transmission is the main
source of reduction of the polarimetric efficiency W for the narrowband case. The accuracy
of polarimetric retrievals and this efficiency are highly dependent,'® and thus the performance
of the IRCSP could be improved by a higher contrast polarizing beam splitter such as a
Wollaston prism.

For the monochromator data, we expect the response to be well characterized by polarimetric
behavior alone, as spectral blurring is minimized. Figure 14 compared the R? values for both the
Mueller matrix and modulation models as a function of measured wavelengths. At all wave-
lengths, the Mueller matrix model outperforms the modulation function, with this difference
becoming compounded past 11 ym.
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Fig. 14 Comparison of the coefficient of determination (R?) for the fit of the calibration data to the
Mueller matrix model for /(1) and the modulation function M(1).

6 Conclusion

This project has demonstrated the feasibility of uncooled, low-cost, compact LWIR polarimeters
using currently existing thermal imaging technology. This first light demonstration of the instru-
ment confirms the anticipated response to polarized light and agreement with the Mueller matrix
model. Once fully calibrated in an environmental chamber, the current IRCSP will be tested in
the field to perform snapshot thermal spectropolarimetric measurements. Deployed, this instru-
ment will produce the first spectropolarimetric measurements of optically thin cirrus ice clouds
in the thermal IR.

The analysis presented here demonstrated that a Mueller matrix model is effective at describ-
ing the IRCSP performance for narrowband calibration measurements. The measured efficiency
exceeds 0.8 from 8 to 11 um indicating that polarimetric retrievals are plausible using this
design. For narrowband light, the performance is most limited by the reduction in SNR at longer
wavelengths for the uncooled-microbolometer. Polarimetric efficiency will be reduced for broad-
band measurements, due to spectral blurring. This will further reduce polarimetric accuracy for
longer wavelengths. The selection of a narrower field stop is a design parameter which can be
tuned to reduce spectral blurring.*!

While this prototype successfully demonstrates the instrument concept, improvements in the
SNR of the instrument must be made before the instrument can be qualified for spaceflight and
be suitable for cold target measurement. Future studies utilizing this prototype IRCSP will en-
able quantification of minimum SNR requirements for desired accuracy in AOLP and DOLP
measurements.’! An SNR performance study is needed to inform the cost-benefit of acquiring
custom optics and detectors for a space qualified system. The temperature reduction in deploy-
ment (—5°C) could provide an SNR improvement which yields accurate polarimetric measure-
ments of cold targets. Environmental chamber tests will determine how the instrument SNR
varies and improves as the ambient temperature is lowered. As passive cooling is possible for
the IRCSP during spaceflight or high-altitude deployment, it is plausible that the reduction of
thermal background and detector noise from lower ambient temperatures will be sufficient. As
microbolometer technology continues to improve and more compact detectors become available,
it may be possible in the near future to replace the FLIR Boson with a more sensitive detector.

While designed for cloud ice measurement, the IRCSP’s form factor and cost make it a can-
didate for a variety of future thermal polarimetric sensing applications including ocean surface
normal estimation, atmospheric monitoring of aerosols, and the study of thermal polarimetric
behavior as a function of wavelength and target temperature. This first light demonstration moti-
vates the demand for optical components not readily available in the LWIR such as polarization
gratings and Wollaston prisms, in addition to an increased selection of lenses, gratings, and
waveplates. These advances will support the innovation of easily deployable uncooled
LWIR polarimeters for a wide range of applications made feasible by modern microbolometers.
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