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We present the results of the development of a representational model of the multispectral polarization state analyzer of the
ScanPol scanning polarimeter for the space experiment Aerosol-UA. 'e aim of the Ukrainian space mission Aerosol-UA is to
create a database based on continuous satellite measurements of the optical characteristics of aerosol and cloud particles in the
Earth’s atmosphere over a long period of time. 'e ScanPol polarimeter is designed to acquire spatial, temporal, and spectral-
polarimetric measurements simultaneously to minimize instrumental “parasitic” effects and effects of “false” polarizations due to
scene movement. Simultaneity is provided by separation of the initial spatial field by a pair of conjugated telescopes and a pair of
Wollaston prisms. ScanPol provides to measure the first three Stokes parameters I, Q, and U of the radiation reflected by
atmospheric aerosols and the Earth’s surface for a six solar reflectance spectral bands in the near ultraviolet (NUV), visible (VIS),
and near-infrared (NIR) spectral channels centered in the wavelengths 370 nm, 410 nm, 555 nm, 865 nm, 1378 nm, and 1620 nm.
Stokes parameters I,Q, andU are used to determine a degree of linear polarization of radiation that will allow obtaining the phase
function and polarization characteristics of aerosol particle scattering, estimate their size, and determine the aerosol type and
optical thickness. 'e polarimeter optical layout is considered, and the spectral characteristics of the transmission of optical
channels are given. Obtained signal-to-noise ratio exceeded 500 for wavelengths 370 nm and 410 nm and exceeded 1000 for other
wavelengths. 'e design of the chosen photodetectors is based on surface mount type photodiodes: Si-photodiodes Hamamatsu
S10356-01 for the optical range of 370–860 nm and InGaAs-photodiodes Hamamatsu G8941-011620 for wavelengths 1378 nm
and 1620 nm. 'e effect of orientation of Wollaston prisms axes on polarization measurement error is considered. 'e errors of
azimuth mount of Wollaston prisms ≤2 arcmin in ScanPol leads to error of degree of linear polarization ≤0.0012.

1. Introduction

'e impact of aerosol particles in the Earth’s atmosphere on
climate by many estimates can be compared to the mag-
nitude of the greenhouse gases effect.

To date, there are several space missions to study the
distribution of aerosols in the Earth’s atmosphere, for
example, MISR/terra, OMI/aura, AVHHR, MODIS/terra/
aqua, CALIOP/CALIPSO, and GOME-2 [1–3]. In order to
improve the quality of data for climate models and reduce
the uncertainty of calculations of radiative forcing, a
number of new space experiments are planned to study
aerosols.

After a successful long-term operation of the POLDER/
PARASOL CNES aerosol mission, the improved aerosol
polarimeter for the 3MI/EPS-SG project is scheduled to be
launched in 2020 or later. 'ere are also other missions/
tools, namely, the NASA MAIA mission carries the Mul-
tiangle SpectroPolarimetric Imager (MSPI) [4], the NASA
PACE mission carries the SPEXone tool [5], and the HARP-
2 tool. 'e direction polarimetric camera (DPC) operates
on-board the Chinese GaoFen-5 satellite recently launched
by the Chinese Space Agency [6].

'e Ukrainian space mission Aerosol-UA [7] is prepared
with main objective to monitor the microphysics and spatial
distribution of atmospheric aerosols. 'e mission includes
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the multispectral Scanning Polarimeter (ScanPol) and the
MultiSpectral Imaging Polarimeter (MSIP), which is
planned to launch in 2022. 'e ScanPol polarimeter is
designed on principles of the APS/glory polarimeter [8]. It
has six solar reflectance spectral bands in the near ul-
traviolet (NUV), visible (VIS), and near-infrared (NIR)
spectral channels centered in the wavelengths 370 nm,
410 nm, 555 nm, 865 nm, 1378 nm, and 1620 nm that
measure the first three Stokes parameters I,Q, andU of the
radiation reflected by atmospheric aerosols and the
Earth’s surface at about 200 viewing directions in between
scanning angles +50° and −60° degrees from nadir. 'e
polarimeter is designed to acquire spatial, temporal, and
spectral-polarimetric measurements simultaneously to
minimize instrumental “parasitic” effects and effects of
“false” polarizations due to scene movement. Simultaneity
is provided by separation of the initial spatial field by a
pair of conjugated telescopes and a pair of Wollaston
prisms. One telescope provides simultaneous measure-
ments intensities of the linear polarization components in
orthogonal planes at 0° and 90° to the meridional plane of
the instrument, while the other telescope simultaneously
measures equivalent intensities in orthogonal planes at 45°
and 135°.

In this paper, we present the results of the development
of the polarization state analyzer (PSA) of the ScanPol
polarimeter. 'e design of the optical system and the de-
scription of the spectral selection system are given. We also
present the preliminary estimation of the signal-to-noise
ratio and theoretical estimation of the error of the azimuth of
the Wollaston prism assembly to achieve the given accuracy.

2. Purpose andComposition of the Polarization
State Analyzer

2.1. Determination of Stokes Parameters. 'e aerosol is a
sufficiently variable atmospheric component that is char-
acterized by a large number of parameters, such as particle
size, quantity, shape, internal structure, their absorption,
scattering properties, and their spatial distribution. As a
result of the uncertainties of all these parameters in climate
models, the impact of aerosol on climate and environment
are considered to be one of the most uncertain factors.

Multiangle polarimetry is one of the most promising
tools of remote sensing for a detailed study of atmospheric
aerosols. In [9, 10], the possibility of multispectral multi-
angle photo-polarimetric satellite remote sensing to perform
a simultaneous retrieval of aerosol and cloud properties for
partly cloudy scenes and for fully cloudy scenes where the
aerosol layer is located above the cloud was shown. 'e last
requires polarimetric measurement accuracy <0.002 and
radiometric accuracy <4%. 'e multispectral PSA of the
ScanPol considered in this paper is designed to meet these
requirements.

Photo-polarimetric observations are conducted over a
wide range of scattering angles; they cover a wide spectral
range and provide significant additional information on
aerosol characteristics.

Solar radiation is scattered by the presence of aerosols in the
Earth’s atmosphere, and it can be partially polarized.'e nature
and degree of polarization depend on the scattering conditions
and scattering parameters. 'e relationship between the scat-
tering observation conditions, the scattering parameters, and the
scattering polarization is used to investigate aerosols.

'e light polarization is described by four Stokes pa-
rameters [11]. Parameter I describes the total light intensity,
and the other three parameters (Q, U, and V) describe its
polarization. 'ese parameters can be obtained by deter-
mining the six intensities:
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where I0, I90, I45, I−45, Ir, and Il are, respectively, the light
intensities with vertical and horizontal polarizations, polari-
zations with angles 45° and −45°, and right- and left-circular
polarizations, which are measured directly by the photometric
method. 'e intensities I0, I90, I45, and I−45 can be measured
by linearly polarizing elements, while Ir and Il can be obtained
by using a quarter-wave plate and a linear polarizer.

'e angle of inclination of the large axis of the polari-
zation ellipse with respect to the X axis (azimuth of po-
larization) is defined as
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'e value of the Stokes parameter V, which characterizes
the circular component of light polarization, is always less
than the value of the other three Stokes parameters (by at
least two orders of magnitude) [12]. 'erefore, the majority
of polarimeters of the corresponding space missions are
aimed at measuring exactly the first three Stokes parameters
of the scattered solar light [13].

'us, to determine the parameters I, Q, and U, it is
sufficient to have measurements of the intensities of light in
two pairs of mutually orthogonal polarization directions
rotated relative to each other by an angle of 45°.

2.2. Optical Layout. 'e PSA of the ScanPol is designed to
analyze the polarization of the light scattered by the Earth’s
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surface and the atmosphere in the spectral range of
370–1620 nm. It is divided into six bands. 'is separation is
explained by the purpose of the spectral channels: the
channel of 370 nm is designed to evaluate the absorption
capacity of the troposphere aerosol and its vertical distri-
bution; the channel of 410 nm is intended for the aerosol
analysis over the ocean and the Earth’s surface; the channel
of 555 nm is used to determine the ocean color and aerosol
analysis; the channel of 865 nm is required for the aerosol
analysis over the ocean and land; the channel of 1378 nm is
for the separation of cirrus clouds and stratospheric aerosols
and for the separation of tropospheric and stratospheric
aerosols in the case of volcanic eruptions; the channel of
1620 nm is to assess the contribution of the surface of the
measured signal over the land.

With the aim to simplify the optical layout and to
maintain the required signal-to-noise ratio, the spectral
selection system is divided into the VIS and IR parts.'eVIS
part selects bands 370 nm, 410 nm, and 555 nm from the
incoming light using three pairs of dichroic mirrors and
three pairs of UV interference filters. 'e IR part is struc-
turally identical to the VIS one and selects near-infrared
bands of 865 nm, 1378 nm, and 1620 nm.

To measure the Stokes parameters I, Q, and U in the
specified spectral bands, each of the parts (VIS and IR)
contains two units VIS-1, VIS-2 and IR-1, IR-2, respec-
tively (Figure 1). 'e units VIS-1 and IR-1 contain
Wollaston prisms with 0° azimuths, at the output of which
the o (ordinary) and e (extraordinary) rays have inten-
sities of I0 and I90, respectively. 'e units VIS-2 and IR-2
contain Wollaston prisms with azimuths of 45°, at the
output of which o and e beams have intensities of I45 and
I−45, respectively.

'e optical layout of the ScanPol instrument is shown in
Figure 1. It is based on the concept of the NASA glory space
mission, which aimed to monitor the spatial and temporal
distributions of the main characteristics of tropospheric and
stratospheric aerosols in the Earth’s atmosphere using an
APS polarimeter [8]. Each of the ScanPol optical blocks
consists of

(1) Entrance telescope system, which forms an inter-
mediate image of the observed object; field dia-
phragm; collimator

(2) A Wollaston prism that splits light into components
I0 and I90 (I45, I−45) with orthogonal polarization,
and thus, it functions as a polarization analyzer in
accordance with equation (3).

(3) Dichroic mirrors and spectral filters, which define a
narrow spectral range Δλ per band

(4) Camera lenses, which form two pairs of images I0,
I90 and I45, I−45 on detectors

Figure 1 shows that theWollaston prisms in the units are
input before the spectral selection elements since their
polarization characteristics can be considered identical in
the indicated spectral bands.

'e optical layout of the VIS channel of the ScanPol
instrument is shown in Figure 2.

'emain parameters of the PSA are presented in Table 1.
Table 2 shows information about the number of photo
detectors and their type depending on the spectral range.
Table 3 shows requirements to ScanPol’s PSA.

2.3. Spectral Selection System. 'e spectral selection system
of the units VIS-1, VIS-2, IR-, and IR-2 consists of a dichroic
mirror and a spectral filter for each of the six spectral
channels. 'e parameters of the transmission/reflection
system and the dichroic mirror-spectral filter were opti-
mized in such a way to have the maximum transmission
coefficients in the spectral channels. By the light propagation
direction in optical units,

(1) For the spectral channel of 370nm, the light is selected
by a dichroic mirror 340–380 and a spectral filter

(2) For the spectral channel of 410 nm, the light is se-
lected by a dichroic mirror 340–380, which, for the
spectral range (410 nm, Δλ� 20 nm), transmits ra-
diation by a dichroic mirror 390–430 and by a
spectral filter

(3) For the 555 nm spectral channel, the light is selected
by the dichroic mirrors 340–380 and 390–430,
which, for the spectral range (555 nm, Δλ� 20 nm),
transmit radiation by a spectral filter

'e spectral characteristics of the individual dichroic
mirrors and spectral filters and the resulting characteristics
for spectral channels 370 nm, 410 nm, and 555 nm of the
optical units VIS are shown in Figure 3.

By the light propagation direction in optical units IR-1
and IR-2:

(1) For the spectral channel of 865nm, the light is selected
by a dichroic mirror 800–900 and a spectral filter

(2) For the spectral channel of 1378 nm, the light is
selected by a dichroic mirror 800–900, which, for the
spectral range (1378 nm, Δλ� 40 nm), transmits ra-
diation by a dichroic mirror 1010–1500 and by a
spectral filter

(3) For the 1620 nm spectral channel, the light is selected
by the dichroic mirrors 800–900 and 1010–1500,
which, for the spectral range (1620 nm, Δλ� 40 nm),
transmits radiation by a spectral filter.

It should be noted that the residual transmittance of
the spectral channel filters of 1378 nm and 1620 nm is
outside of the main band in the visible spectrum and is
used for the visual positioning of the infrared photode-
tectors. In whatever follows, it will not affect the mea-
surement results, since it is beyond the IR detector
spectral sensitivity.

'e spectral characteristics of the individual dichroic
mirrors and spectral filters and the resulting characteristics
for spectral channels 865 nm, 1378 nm, and 1620 nm of the
optical units IR are shown in Figure 4. Note that the in-
dividual spectral transmittance values of the VIS and IR
optical units will be taken into account in the calibration
procedure described in detail in [14].
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2.4. Detectors of Optical Channel VIS and IR. 'e choice of
photodetectors is determined by the spectral sensitivity and
noise characteristics. Another factor in this choice is the
design features of the device optical layout.

As noted above, it is necessary to obtain four values of
intensities I0, I90, I45, and I−45 to determine the first three
Stokes parameters. 'is is provided by the use of two
Wollaston polarization prisms in each of the VIS-1, VIS-2,
IR-1, and IR-2 blocks. In fact, in the focal plane of the camera

lens, we have two images (i.e., scattering spots) of the field
diaphragm for each spectral range. 'e total number of
camera lenses is 12. For example, Figures 5 and 6 show the
theoretical scattering spots of the I0, I90, and (I45, I−45) light
components for the spectral channels 555 nm and 1620 nm.
'e linear size of the scattering spots is up to 0.6mm for all
spectral ranges.

A comparative analysis of the design and dimensions of
the optical system has been previously performed to
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Figure 1: ScanPol polarimeter optical layout.
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Figure 2: 'e optical layout of the VIS channel of the ScanPol instrument.
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Table 1: Main parameters of the ScanPol’s PSA optical system.

Parameter Optical unit VIS Optical unit IR
FOV (°) 0.5
Enter lens diameter (mm) 10.0 15.0
Enter lens focal length (mm) 32.0 32.0
Collimator diameter (mm) 9.2 9.2
Collimator focal length (mm) 14.9 15.2
Camera lens diameter (mm) 19.5 19.5
Camera lens focal length (mm) 22.0 22.4
Spectral channel quantity 3 3

Wavelength (full width at half maximum), nm
370 (10) 865 (40)
410 (20) 1378 (40)
555 (20) 1620 (40)

Wollaston prism
Size (mm) 10×10
Separation angle, ° 10°

Table 2: ScanPol photodetectors.

Photodetector substance Spectral sensitivity (nm) Quantity
Si 360–900 16
InGaAs 800–1700 8

Table 3: Main requirements to ScanPol’s PSA.

Parameter Value
Azimuth of polarization error -Δψ ≤0.2°
Degree of linear polarization error Plin ≤0.15
Photometric error -ΔI ≤4%
SNR >500
Wollaston prism alignment error Δε ≤3 arcmin
Divergence value of optical axis of the input telescope system ≤6 arcsec
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Figure 3: Continued.
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determine the optimal configuration of the scattering spots
and their spatial diversity in the focal plane of each of the
camera lenses. 'is gives the requirements for the geometric
parameters of the photodetectors of each spectral channel
that are schematically presented in Figure 7.

'e design of the chosen photodetectors for the spectral
channels in the optical range of 370–1620 nm is based on
surface mount type photodetectors using Si photodiodes-
S10356-01 (Hamamatsu) and InGaAs photodiodes-G8941-01

(Hamamatsu). 'e implementation of each pair of photo-
diodes is shown in Figure 8.

2.5. Preliminary ScanPol Signal/Noise Ratio Estimate. 'e
signal-to-noise ratio estimate is based on ENVISAT satellite
experimental data (IUP-IFE, University of Bremen) [15].
'ese data are spectral density of the energy brightness of the
Earth’s surface B(λ). 'ey differ in accuracy, in how they
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Figure 3: Characteristics of the individual dichroic mirrors and spectral filters and the resulting characteristics for spectral channels 370 nm,
410 nm, and 555 nm of the optical units VIS.
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Figure 4: Characteristics of the individual dichroic mirrors and spectral filters and the resulting characteristics for spectral channels 865 nm,
1378 nm, and 1620 nm of the optical units IR.
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account for the atmosphere and in their format. If the brightness
B of the object and the geometric factor G of the space ex-
periment are known, then the light energy F at the photodetector
will be determined by

F � BG. (6)

For each channel, the integral energy brightness Bf is
calculated as the integral of B(λ) within the band of each
spectral filter, taking into account the transmission curve

and the transmission/reflection curves of the dichroic
mirrors. 'e geometric factor of the experiment is equal to

G �
SπD

2

4H
2 , (7)

where S � 21.53 × 106 m2 is the area of the view on the
Earth’s surface in nadir; D � 0.01m and 0.015m are di-
ameters of the entrance lenses of the VIS and IR units;
H � 7 × 105 m is the height of the satellite orbit.

'e electron flux from the photodetector will be equal to

n � BfGτηt, (8)

where Bf is the energy brightness within the spectral band of
the channel; G is the geometric factor of the optical system;
τ � 0.37 is the average transmittance in the spectral channels
(including Wollaston prism); η is the photodetector quan-
tum efficiency; and t � 1.2 × 10− 3 sec is the exposure time.

Table 4 shows the input data and the results of the
signal to-noise ratio estimate.

3. Assembly and Alignment

3.1. Procedure of Entrance Lenses Mounting and Alignment of
View of Field. 'e main requirement for the design of PSA
ScanPol is to combine the field of view of the four input
telescopic systems. 'e alignment requirement is less than 3
arcmin (0.1 magnitude of the field of view).'e alignment of
the optical axes of the input lenses takes several steps. In step
1 (Figure 9), the field of view of each of the incoming lenses is
aligned with the barrel outer diameter. 'e assembled input
lens is mounted in the frame. We fix the position of the field
aperture using a microscope and a camera. We rotate the
input lens around its own axis and minimize the field ap-
erture displacement using the adjusting screws. In this way,
we align the optical axis of the input lens with the axis of the
barrel outer diameter. 'ese operations are performed with
each of the four input lenses.

In step 2 (Figure 9, right), the input telescopes are al-
ternately mounted in the frame. When installing the first
telescope VIS-1, we control the position of the image of a
point source of light, and by aligning the unit, we bring it to
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the center of the field aperture and consider this channel as a
reference. We fix the position of the unit. Subsequently, we
set up the input telescopes VIS-2, IR-1, and IR-2 and control
the position of image of the point source in each channel. If
the displacement from the center is within tolerance, the
alignment of the view of the input lenses of the telescopic
systems is complete. Subsequently, a collimator is installed
in the mechanical body of each telescopic system.

Figure 10 schematically shows the results obtained when
determining the axis difference of the input telescopic
systems VIS-1, VIS-2, IR-1, and IR-2. As described above,
the VIS-1 channel (reference channel) was adopted at the
start of the reference, and Table 5 presents the values of the
differences of the sight axes of the input telescopic systems of
the optical units VIS and IR.

3.2. Mount of Wollaston Prisms and Requirements to <eir
RelativeOrientation. Tomeasure the Stokes parameters I,Q,
and U of the scattered sunlight, PSA ScanPol contains four
Wollaston polarizing prisms, two per VIS and IR units,
respectively. To directly determine the Stokes parameters I,
Q, andU according to (1), the polarization axes of the prisms
in the unit should be oriented at angles θW1 � 0° and θW2 �

45° (Figure 11), in the ScanPol coordinate system (XYZ).
We estimate the effect of the error ε in themounting of the

azimuths of the prism axes in the ScanPol units in the XOY
plane with respect to the exact values on the error in finding
the azimuth (2) and the degree of the linear polarization of
light. Given the identity of the structure of VIS and IR ScanPol
units, the following estimate is valid for both units.

Table 4: 'e signal/noise ratio estimate.

Spectral channel (nm) 370 410 555 865 1378 1620
Geometrical factor G,m2·steradian 4.70−99 12.0−99

Energy brightness (scene averaged) Bf photons/sec m2·steradian,·1016 93.00 70.95 111.27 261.92 35.46 117.61
Photodetector quantum efficiency, η 0.20 0.31 0.72 0.24 0.68 0.51
'e number of electrons from the photodetector, n 33.9×104 45.9×104 168×104 335×104 128×104 319×104

Fractional noise, e 582 677 1296 1830 1131 1786
Signal/noise ratio 546 646 1280 1785 1058 1741
'e last row of the table shows the signal-to-noise ratio based on the expected noise of the photodetectors, amplifiers, and ADCs.

Field diaphragm
Microscope

Camera

Collimator
Enter lens

Screws
Mount

Frame

Enter lens VIS

Enter lens IR

1 2

Figure 9: 'e bench of alignment of field of view of ScanPol PSA entrance lenses.

Y

X

IR 1 IR 2VIS 1 VIS 2

Optical axis VIS 1

30 arcmin

Figure 10: Position of optical axis input telescope VIS-1, 2 and
IR-1, 2.

Table 5: Divergence value of optical axis of the input telescope
system VIS-1, 2 and IR-1, 2.

Telescopic system Residual divergence
VIS-1 Reference channel
VIS-2 2 arcmin
IR-1 1 5 arcmin
IR-2 1 5 arcmin
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'e light intensity at the output of the linear polarizer Iθ
with the azimuth of the transmission axis θ is related to the
Stokes I, Q, U, and V parameters of the input light as

Iθ �
1
2

(I + Q cos(2θ) + U sin(2θ)). (9)

At this stage, we have not considered the following: the
probable difference in the transmission coefficients of the
different optical paths of ScanPol, the finite polarization
contrast (extinction ratio) of polarizing prisms, the possible
optical anisotropy of the camera lenses, and the other im-
perfections in the optical characteristics of the PSA ScanPol,
which can also significantly affect the field parameters.
[14, 16–18]. Because the mount and determination of the
orientation of the polarizing axes of the Wollaston prisms
are the simplest operations in the PSA ScanPol, it makes
sense to investigate separately their effect on the accuracy of
measuring the polarization parameters of the light flux.

To determine the first three Stokes light flux parameters,
it is sufficient to measure the intensities only at three dif-
ferent orientations θ (6) of the linear polarizer in front of the
polarimeter photodetector. Choosing the specific values of
these azimuths affects the error in determining the Stokes
parameters. 'e optimal difference between the azimuths is
60°. In this case, the condition number of the instrumental
matrix of the polarimeter is at the minimum, which, in turn,
minimizes the measurement error of the Stokes parameters
[19]. 'e analysis of the ScanPol polarimeter instrumental
matrix, which works in accordance with (1), showed that its
scheme is also optimal in terms of minimizing the error in
Stokes parameter measurements.

Assuming the uniformity of the ray parameters at the
input of two Wollaston prisms with azimuths 0° and 45°, the

intensity of the four rays at the output can be estimated from
(9) by substituting the values 0°, 90°, 45°, and −45° for θ ,
respectively:

I0 �
1
2

(I + Q),

I90 �
1
2

(I − Q),

I45 �
1
2

(I + U),

I−45 �
1
2

(I − U).

(10)

Equation (10) shows that the first three Stokes param-
eters can be calculated from equation (1).

'e deviation of the prism azimuths axes from the
positions θW1 � 0° and θW2 � 45° to the angles ε1 and ε2,
respectively, will change (10) to the following forms:

I0+ε1 �
1
2

I + Q cos 2ε1(  + U sin 2ε1( ( ,

I90+ε1 �
1
2

I − Q cos 2ε1( (  − U sin 2ε1( ,

I45+ε2 �
1
2

I − Q sin 2ε2(  + U cos 2ε2( ( ,

I−45+ε2 �
1
2

I + Q sin 2ε2(  − U cos 2ε2( ( .

(11)

Using (1) to calculate the Stokes parameters, we obtain

θW1

θW2

Wollaston prisms VIS (IR)
of the ScanPol unit 

I0

I90

I45

I–45

Light a�er telescope
systems with Stokes

parameters I,Q, and U

Light a�er
Wollaston prisms 

Z

45о

Х

Z
Y

θW2

θW1

Figure 11: Orientation of the polarizing axes of Wollaston prisms in the ScanPol coordinate system.
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I′ � I � I0+ε1 + I90+ε1 � I45+ε2 + I−45+ε2,

Q′ � I0+ε1 − I90+ε1 � Q cos 2ε1(  + U sin 2ε1( 

� Q − 2 sin ε1(  Q sin ε1(  − U cos ε1( ( ,

U′ � I45+ε2 − I−45+ε2 � −Q sin 2ε2(  + U cos 2ε2( 

� U − 2 sin ε2(  U sin ε2(  + Q cos ε2( ( ,

(12)

where I, Q, and U are the real values of the Stokes light
parameters, and Q′ and U′ are the values of the Stokes
parameters with an error. As can be seen from (12), I � I′ is a
consequence of the high accuracy of the orthogonality of the
polarization vectors of the beam pairs (o and e) at the output
of each Wollaston prism.

From (12), it can be seen that the systematic errors in
determining the Stokes parameters ΔQ and ΔU caused by
the inaccurate determination of the polarizing axes of the
Wollaston prisms are, respectively,

ΔQ � −2 sin ε1( Q sin ε1(  − U cos ε1( ,

ΔU � −2 sin ε2(  U sin ε2(  + Q cos ε2( ( .
(13)

To estimate the degree Plin′ and the angle ψ′ of linear
polarization of light, we obtain

Plin′ �

��������

Q′
2

+ U′
2



I
�

���������

P
2
lin + ΔP2



, (14)

where

ΔP2
�

2(ΔQQ + ΔUU) + ΔQ2
+ ΔU2

 

I
2 , (15)

ψ′ �
1
2
arctg

U′

Q′
 . (16)

'e errors of azimuth mounts of Wollaston prisms are
|ε1,2|≤ 2 arcmin in ScanPol. Using (9)–(16), we obtain that
the error of determining the degree of linear polarization is

ΔPlin ≤ 0.0012, when required,ΔPlin ≤ 0.0015, (17)

and the error in determining the azimuth of linear polari-
zation is

Δψ ≤ 2arcmin , (18)

where Plin � |Plin′ − Plin|,Δψ � |ψ′ − ψ|.
We note that estimate (18) is valid only for ΔPlin ≠ 0

because for ΔPlin ≠ 0, the concept of azimuth of linear po-
larization is meaningless.

'us, the error in establishing the azimuths of the
Wollaston prisms in ScanPol-|ε1,2|≤ 2 arcmin is formally
acceptable to provide the claimed required accuracy of
determining the degree of light polarization (ΔPlin � 0.0015
at the output of chamber lenses 1 and 2 (Figure 1) by means
of (3) without additional calibrations. However, due to other
error sources, calibration is likely to be needed. 'ereby,
condition ΔPlin � 0.0015 must be considered rather as

principal reachable error minimum by |ε1,2|≤ 2 arcmin, but
in the worst case of maximum, Plin ∼ 1 (Figure 12).

In the case where the deviations |ε1,2|> 2 arcmin and
their values are known with an error of |ε1,2|≤ 2 arcmin, the
estimates (17) and (18) will also be valid if the degree and
azimuth of linear polarization are found in the standard way
by (2) and (3). 'e Stokes parameters, however, should be
determined from (12) as

Q

U
  �

cos 2ε1(  sin 2ε1( 

−sin 2ε2(  cos 2ε2( 
 

−1
Q′

U′
 . (19)

Figure 13 shows the maximum dependency values max
Plin and max (Δψ) with respect to the error Δε � |Δε1| +

|Δε2|/2 in the worst case when Δε1 � Δε2.
Figure 13 shows that the maximum values of max (Plin)

and max (Δψ) are linearly dependent on Δε.
In (17), (18), and Figure 13, the upper estimates are

given, whereas from (13), it is clear that the local values of
Plin and Δψ, except ε1 and ε2, depend also on the current
values of Plin and ψ of the input light (Figure 12 and [16]).

'e minimums of the error ΔPlin in Figure 12(a) cor-
respond to the values of the azimuth
ψ � 0° + ε1, 45° + ε2, 90° + ε1, and 135°ε2 'is is because, for
the specified azimuths of the polarization of the input light,
first, the intensity of the rays at the output of one of the
Wollaston prisms is aligned (respectively, the value of one of
the Stokes vectors approaches 0), second, the intensity of one
of the beams at the output of the second prism approaches
zero, and third, the intensity of the second beam approaches
the maximum value of IPlin≫ΔQ(ΔU), which determines
the minimum error of ΔPlin.

'e minimum of error-Δψ in Figure 12(b) corresponds
to the values of the azimuth ψ � 22.5° + ε1 − ε1/2 + n45°
(where n is an arbitrary natural number) for which Q �

U ≈ 0.7(I · Plin) comprising 70% of the maximum possible
value. 'erefore, Q, U≫ΔQ(ΔU), and their relation is
minimally different from the relation Q′, V′.

'e orientation of the polarization axes of the Wollaston
prisms in the VIS and IR channels of PSA ScanPol was
performed with accuracy 2 arcmin using a premounted
reference Glan prism.'e absolute error of Plin is sensitive to
the relative orientation of the Wollaston prisms, but in-
sensitive to an external coordinate system rotation. In
contrast, the absolute orientation of the Wollaston prisms
impacts the absolute error of ψ, and therefore, it must be
determined each time the Stokes analyzer block is mounted
to PSA. Below, we assumed that indetermination in absolute
orientation of Wollaston prisms is smaller than 2 arcmin.

In Figure 14, a general view of the optical mechanical
unit ScanPol is presented.

4. Analysis of the Field Aperture Images in the
Focal Plane of the Camera Lens

'e ghosts from optical surfaces were analyzed. 'e main
sources of highest intensity are the surfaces closest to the
focal plane of the camera lens. First of all, it is the surface of
spectral filters and dichroic mirrors. In particular, to
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minimize their effect, an antireflection coating is applied to
every second surface of the dichroic mirror at the appro-
priate wavelength.

'e ghosts from the optical surfaces of the elements of
the spectral selection were experimentally determined in
each of the spectral channels and blocked by additional field
diaphragms mounted directly near the surface of the pho-
todetectors. Residual stray light level reduction after
implementation of the diaphragms amounted to less than
3% for all spectral channels.

'e bench, which is used for the noted operations, is
shown in Figure 15. It includes the source of light (halogen
lamp with a condenser), the PSA ScanPol, the microlens
which project the diaphragm images on the CMOS detector,
and the computer (laptop).

In Figures 16 and 17, the images of field diaphragms
(diameters 0.8–0.9mm) of the PSA ScanPol’s entrance

0 50 100 150

0.00

0.02

0.04

0.06

0.08

0.10

0.12

0.14
∆P

lin

Plin = 0

∆ε = 2 arcmin

ψ,o

Plin = 0.25

Plin = 0.5

Plin = 0.75

Plin = 1

(a)

0 50 100 150
0.0

0.5

1.0

1.5

2.0

∆ψ
, a

rc
m

in

Plin ≠ 0∆ε = 2 arcmin

ψ,o

(b)

Figure 12: Dependence of the errors ΔPlin and azimuth Δψ of linear polarization of the light on the azimuth of polarization ψ at different
values of the degree of Plin, polarization, with the error Δε� 2 arcmin of mount azimuths of the Wollaston prisms.

0 2 4 6 8 10 12
0.0

0.2

0.4

0.6

0.8

m
ax

 (∆
P l

in
), 

%

∆ε , arcmin

(a)

0 2 4 6 8 10 12
0

2

4

6

8

10

12
m

ax
 (∆

Ψ
), 

ar
cm

in

∆ε , arcmin

(b)
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Figure 14: General view of the PSA ScanPol.
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telescope system for each ScanPol spectral channel before
and after the introduction of additional cutting apertures are
presented.

Although a simplified polarization model of the ScanPol
optical channels is used in this paper, it allows us to estimate
the fundamentally minimum achievable error in the degree
of polarization and azimuth of polarization of the incoming
light in ScanPol, given the accuracy of determining the
orientation of the Wollaston prism axes.

A complete polarization model of the ScanPol is de-
scribed in [14]. In particular, it takes into account the in-
dividual transmittance values of the ScanPol optical paths,
the individual spectral sensitivities of the photodetectors, the
noise characteristics of the photodetectors, the individual
optical anisotropy of the camera lenses, the finite individual
value of the polarization contrast of the Wollaston prisms,
and the partial depolarization of light by scattering in optical
elements. In [14], a complex procedure of polarization

Image of diaphragms

Microlens

Camera

Source of light

PSA ScanPol

Figure 15: Bench for installation and alignment of PSA unit detectors.

Figure 16: Image of field diaphragm in the focal planes of camera lenses for VIS-1 and VIS-2 units before and after input of blocking
diaphragms.
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calibration of ScanPol optical channels was successfully
developed and tested using a numerical experiment based on
the mentioned model, given the fixed values of the im-
perfections of its optical elements.

Furthermore, according to the calibration procedure
described in [14], the experimental evaluation and cali-
bration that are planned for each ScanPol spectral channel
are provided.

5. Conclusion

'is paper presents the results of the development of the
representational model of the polarization state analyzer of
the scanning polarimeter ScanPol for the Aerosol-UA space
project designed to investigate the microphysical charac-
teristics of an aerosol in the atmosphere.

'e main characteristics of the optical system are given.
An experimental sample of the polarization state analyzer
ScanPol was designed, implemented, and assembled. 'e
divergence of the optical axes of the input telescopic systems
of the VIS-1, VIS-2, IR-1, and IR-2 units is determined
experimentally. 'e maximum value is less than 1.5 arcmin.

'is paper theoretically substantiates the minimum
achievable error in determining the degree and azimuth of
the polarization of the ScanPol incoming light with the given
accuracy of determining the orientation of the Wollaston
prisms axes.

'e analysis was performed for optical ghosts that occur
in the optical system and are formed in the focal plane of the
camera lens. 'e position of the parasitic images is deter-
mined, and additional apertures are introduced to block
them.
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