
93ISSN 1561-8889. Космічна наука і технологія. 2024. Т. 30. № 2

Астрономія й астрофізика
Astronomy and Astrophysics

https://doi.org/10.15407/knit2024.02.093

UDC 551.510.42

I. I. SYNIAVSKYI1, Head of Department, Candidate of Technical Sciences, Senior researcher 

A. J. CASTRO-TIRADO2, Profesores de Investigación, Ph.D. in Physics

Yu. S. IVANOV1, Senior researcher 

S. S. GUZIY2,3, Doctor Contratado2, Associate Professor3, Candidate of Physical and Mathematical Sciences

Ye. A. OBEREMOK1,4, Researcher1, Associate Professor4, Candidate of Physical and Mathematical Sciences

1 Main Astronomical Observatory of the National Academy of Sciences of Ukraine

27, Akademika Zabolotnoho Str., Kyiv, 03143 Ukraine
2 Instituto de Astrofísica de Andalucía (IAA-CSIC)

Glorieta de la Astronomía s/n, 18008 Granada, Spain 

3 Petro Mohyla Black Sea National University

10, 68 Desantnykiv Str., Mykolajiv, 54000 Ukraine
4 Taras Shevchenko National University of Kyiv

60, Volodymyrska Str., Kyiv, 01033 Ukraine

A WIDE-ANGLE STOKES POLARIMETER FOR THE BOOTES 
GLOBAL TELESCOPE NETWORK. OPTICAL AND MECHANICAL DESIGN

We describe the imaging polarimeter EDIPO (Efficient & Dedicated wide-field Imaging Polarimeter) as a part of astronomical telescopes 

of the BOOTES (Burst Observer and Optical Transient Exploring System) network that is intended for the study of polarization features 

of the rapid processes of the gamma-ray bursts afterglow (Gamma-ray burst — GRB). The design of the polarimeter allows one to be 

installed on the network telescopes with a diameter of the main mirror up to 1.4 m. The EDIPO is designed to analyze the polarization 

parameters of linearly polarized light in the spectral range of 450—1000 nm. The polarization analyzer of the polarimeter does not 

contain moving elements and allows measurements of Stokes parameters I, Q, U of light in a 30 '× 30 ' field of view simultaneously for 

one spectral band of the working spectral range. The optical part of the polarimeter was assembled and tested on a telescope with a 

mirror diameter of 1.2 m. The calibration approaches for the polarimeter-telescope system are considered.
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1. INTRODUCTION 

Today, the study of celestial bodies is increasingly 

carried out by analyzing the polarization of their own 

or scattered radiation. Such studies provide insight 

into various astrophysical events: objects of the Solar 

System, stellar physics, our Galaxy and the interstel-

lar medium, extragalactic astronomy, and cosmol-

ogy. In the physics of the Solar System, polarimetric 

observations of solar radiation scattered by asteroids 

allow determining their albedo and size distributions 

[13, 49, 60]. Measuring the polarization of light scat-

tered by comets helps in their classification [18—20, 

23]. In the context of studying the structure of our 

galaxy, it is expected that polarimetric measurements 

will allow us to map the distribution of its magnetic 

field lines through giant molecular clouds, provid-
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ing an understanding of the connection of the field 

with the diffuse interstellar medium, which includes 

clouds, spheres, open clusters, etc. [12, 24, 31, 52]. 

In extragalactic astronomy, the sources of high-en-

ergy gamma radiation are of interest [15, 55], which 

are studied, for example, at the Compton Gamma-

Ray Observatory (CGRO) using the Energetic Gam-

ma-Ray Experiment Telescope (EGRET) [46]. Dur-

ing these studies, many blazars were discovered [2], 

which have an impact on the identification of most 

gamma-ray sources, but that still remain unknown 

due to large errors [48]. Gamma radiation polariza-

tion analysis will also reduce these errors. The anal-

ysis of the polarization of scattered radiation would 

allow us to determine some large-scale structures of 

the magnetic field, such as the structures of the Mag-

ellanic clouds and their relations with gas dynamics 

[27]. In cosmology, sampling the polarization of star-

light across the sky will allow a better simulation of 

the polarization of the foreground galaxy at far-IR 

ranges and wavelengths less than 1 mm [29, 33—35, 

56, 61]. Early optical polarization measurements of 

gamma-ray bursts (Gamma-ray burst — GRB) are 

very important in modern astronomy. This is due to 

the fact that the spectra and light curves of the GRB 

afterglow correspond to the model of synchrotron 

radiation, which is strongly polarized (up to 70 %) 

in a wide frequency range, which has been verified 

in many astrophysical cases [15, 25, 55]. The po-

larization of the GRB afterglow in the optical range 

is small (rarely more than 2 %), and theories of the 

origin of the optical afterglow must account for this. 

Although localized areas may have strong magnetic 

fields and high polarization, the net polarization is 

small unless the fields are globally aligned. Theoreti-

cal estimates predict that early long-lasting GRB af-

terglows should be polarized up to 3—15 % on time 

segments (<0.1 days) [45]. However, such early mea-

surements are still lacking, which makes it difficult to 

verify theoretical estimates.

The first attempts at optical polarization studies in 

wide star fields were made in 1993 using wide-for-

mat Schmidt plates and polarizing films. It aimed to 

search for blazars on 560 square degrees of the celes-

tial sphere [21, 53, 63]. Determining the polarization 

of the optical radiation of celestial bodies throughout 

the entire sphere has not yet been thoroughly done 

and remains relevant. Such problems in astrophysics 

can be solved with high resolution by modern robotic 

observation technologies in combination with the use 

of new matrix detectors of optical radiation. Robotic 

telescopes, in particular, are ideal for long-term stud-

ies and observations of fast-moving processes on as-

trophysical objects.

Research of the GRB, which has the highest ener-

gy levels in the Universe after the Big Bang [14], both 

in the optical and IR ranges, is one of the task lists of 

the BOOTES network (Burst Observer and Optical 

Transient Exploring System) [6, 7]. The BOOTES’s 

main scientific  object is the observation of the sky in 

real time. Polarimetric observations of GRB after-

glows are planned to be carried out using polarim-

eters installed on robotic telescopes of the BOOTES 

network. The structure, principle of operation, and 

some test results of the EDIPO (Efficient & Dedi-

cated wide-field Imaging Polarimeter) polarimeter 

are described in the following sections.

2. PRELIMINARY POLARIMETER REQUIREMENTS

Telescopes of the BOOTES network are independent 

functional robotic instruments for astronomical ob-

servations, thus their design does not provide the use 

of polarizing elements. Polarization measurements 

are possible only with the use of an external polar-

imeter which mechanical and optical parameters 

are matched with the corresponding parameters of a 

Table 1. Main parameters of the telescope-polarimeter system

Parameter Value

Telescope Cassegrain with 

equatorial mounting

Diameter of the main mirror, m 1.4 

Effective focal length of the tele-

scope + polarimeter system, mm

4480 

Polarimeter numerical aperture F# 3.2

Detector size, in pixels 4000 × 4000

Pixel size, mm 10 ×10 

Field of view of the telescope-

polarimeter system, arcmin

30 × 30

Image scale, arcsec/pixel 0.44 

Spectral range, nm 450—1000 

Filters V, R, I (r, i, z)

Focusing system Telescope secondary 

mirror
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specific telescope. The EDIPO polarimeter consid-

ered in this paper was designed for a telescope with 

a diameter of the main mirror of 1.4 m and a focal 

length of 11.2 m. The design of the telescope and its 

parameters determine the main requirements for the 

characteristics of the telescope-polarimeter system, 

which are presented in Table 1.

The ordinary value of the degree of polarization 

of the observed celestial objects is 2 %. To achieve a 

polarimetric accuracy of 1 % when observing weak 

sources, for example, with R = 18, the signal/noise 

ratio in the polarimeter should be at least S/N = 141, 

with a single exposure of 180 seconds. With this ex-

posure, including calibration frames, that take up to 

10 % of the whole observation time, 24 square degrees 

of the celestial hemisphere will be surveyed during an 

ordinary night of 9 hours. A complete survey of the 

celestial hemisphere (20 000 square degrees) should 

be carried out in 5 years, taking into account the days 

with adverse weather conditions for the observation, 

the technical simplicity of the equipment, and the 

duration of the optical transients of the afterglow 

after the GRB. Based on the polarization measure-

ments, it is planned to select candidates for further 

studies to obtain different colors and search for op-

tical variability using the Global BOOTES network 

robotic telescopes [6].

3. CONCEPT OF MEASUREMENTS 
AND POLARIMETER OPTICAL LAYOUT

3.1. Choose the polarimeter measuring scheme. The 

design and parameters of the telescope optical system 

and the specifics of the tasks to be solved (polariza-

tion studies of fast-moving processes in several spec-

tral ranges) determined the choice of the polarimeter 

measurement layout and the concept of designing its 

optical system. In particular, the measuring part of 

the EDIPO is based on the approach with the divi-

sion of the amplitude or aperture (Division of Ampli-

tude/Aperture — DoA) [22, 26, 36—39, 42, 50, 65]. 

According to the DoA approach, the input beam is 

divided into several equivalent parts that form spa-

tially separated optical channels. In each channel, 

the beam passes/reflects through fixed polarizing el-

ements (polarizers, phase plates) before entering the 

photodetector. In such a schematic implementation, 

there are no moving elements (at least within one 

spectral channel), and the registration of all values 

that are necessary for the complete characterization 

of the light polarization is being made in one expo-

sure. This makes it possible to analyze the state of 

light polarization of fast-moving processes occurring 

on celestial bodies and in interstellar space. Besides 

all, the EDIPO is an imaging polarimeter that should 

allow observing the distribution of polarization over 

the field of view of the corresponding telescope.

3.2. Description of polarized light and detailing of 
the EDIPO measurement scheme. For a complete de-

scription of light with a certain wavelength with an 

arbitrary state of polarization, it is convenient to use 

the Stokes parameters I, Q, U, and V [9, 10]. They 

can be used to describe the degree of polarization 

DoP (Degree of Polarization), the azimuth of polar-

ization AoP (Azimuth of polarization), and the angle 

of ellipticity EoP (Ellipticity of Polarization) of the 

radiation polarization ellipse:

2 2 2DoP /Q U V I   ,

 
 1AoP arctg /

2
U Q , (1)

 2 21EoP arctg /
2

V Q U  .

The first Stokes parameter I corresponds to the to-

tal radiation intensity. Parameters Q and U determine 

the predominance of the linearly polarized compo-

nent in the beam with polarization azimuth 0°, 90°, 

45°, and 135°. The parameter V — determines the 

predominance of components with left or right cir-

cular polarization.

The star’s light, as well as the light of other emit-

ting celestial bodies, is mostly unpolarized, but due 

to the scattering of this light by gases, dust, and the 

surface of celestial bodies, it can acquire partial lin-

ear polarization. Therefore, most astronomical po-

larimeters are focused on the exact determination of 

the parameters of linear polarization, in particular, 

the degree of linear polarization (Degree of Linear 

Polarization — DoLP) and azimuth of linear polar-

ization (Angle of Lineart Polarization — AoLP).

The polarization of GRB afterglows is also linear 

with a different degree and azimuth of polarization. 

Therefore, when designing EDIPO, emphasis was 

placed on the accurate determination of the linearly 
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polarized light parameters. For a complete descrip-

tion of linearly polarized light, the first three Stokes 

parameters are sufficient. They make it possible to 

characterize the intensity of light I, the degree of 

DoLP, and the azimuth of AoLP polarization [9]:

 
2 2DoLP /Q U I  ,

 
 1AoLP arctg /

2
U Q .

 (2)

To determine Stokes parameters in DoA polarim-

eters, a common approach that is schematically de-

picted in (Fig. 1), is used. The polarimeter’s separa-

tion system divides its aperture into four equivalent 

parts, forming four independent spatial optical chan-

nels. In each channel, the beam, before entering the 

photodetector, passes through an analyzer (a linear 

polarizer with a fixed azimuth). It is common to ori-

ent the azimuths of the analyzers in the optical chan-

nels at the angles  = 0°, 90°, 45,° and 135°. Then, the 

Stokes parameters of light at the input of the polar-

imeter are calculated as:

 

0 90 45 135

0 90 45 135

;
; ,

I I I I I
Q I I U I I

   
   

 (3)

where I
0
, I

90
, I

45
, I

135 
— light intensity at the analyzer 

output with the corresponding azimuth.

3.3. The EDIPO polarimeter optical layout model. 
The EDIPO optical layout is shown in Figure 2, a, 

and its cross-section is in Figure 2, b. It allows the 

implementation of the described measuring scheme 

(Fig. 1). In Figure 2, the image of the observed object 

(field) is formed in the focal plane of the telescope. 

The collimator of the polarimeter forms an image of 

the telescope’s entrance pupil and directs it through 

a combined polarization analyzer (a set of linear po-

larizers with the required orientation) and a spectral 

filter to the pupil division system. The polarization 

analyzer shown in Fig. 2, b is divided into four seg-

ments of equal size. It is placed in front of the mirror 

division system, but, in fact, it already divides the fo-

cal plane into four parts, each of which passes through 

a polarizing element (a sequence of elements). Next, 

the mirror division system spatially divides the parts, 

which are then focused on the detectors by four cam-

era lenses. To determine the parameters of linear po-

larization, a linear polarizer with the required orienta-

tion of the transmission axis or an equivalent system of 

polarization converters (prisms, films, plates) must be 

installed in each segment of the analyzer in Fig. 2, b. 

If it is necessary to measure full light polarization pa-

rameters, additional waveplates can be installed in the 

analyzer sectors of Fig. 2, b. The intensity of the split 

light is registered by the detectors. It is used to calcu-

late the Stokes parameters using equation (3).

3.4. Detailing the design and parameters of EDIPO 
optical elements. The structural and optical param-

Figure 2. EDIPO polarimeter optical layout model (a) and its 

sectional view (b). Two polarization channels 0° and 90° are 

shown: 1 — telescope focal plane, 2 — collimator, 3 — polar-

ization analyzer, 4 — spectral filter, 5 — field lens, 6 — mirror 

division system, 7 — camera lenses, 8 — detectors

Figure 1. Scheme of a polarimeter with divided of intensity/

aperture for measuring the parameters of linearly polarized 

radiation: Iin — the intensity of the incoming beam, Anan — 

linear analyzer (polarizer) of the n-th channel with azimuth 

n, Dn — photodetector in the n-th channel, DPU (Data 

Processing Unit) is a data collection and processing unit



97ISSN 1561-8889. Космічна наука і технологія. 2024. Т. 30. № 2

A wide-angle Stokes polarimeter for the BOOTES global telescope network. Optical and mechanical design

eters of the telescope (Table 1) and the tasks to be 

solved are mentioned above, specifying the structure 

of the optical system and the parameters of the polar-

imeter elements. The key parameters of the EDIPO 

optical system are listed in Table 2.

A detailed description, purpose, and possible im-

plementation of elements of the EDIPO’s optical 

system are given below.

The polarimeter collimator consists of four spheri-

cal lenses. The linear field of view of the collimator 

is 97 × 97 mm. It forms an image of the telescope’s 

main mirror (pupil) with 60 mm diameter. The effec-

tive focal length of the collimator is 455 mm, the total 

length is 550 mm.

Spectral filters. To provide multispectral polari-

metric measurements in the range of 450—1000 nm, 

the replaceable spectral filters V, R, I (r, i, z) are sup-

posed.

Polarization analyzer. High-quality optical polar-

ization analyzers are based on birefringent prisms [1, 

11, 42]. The possible design of combined segmented 

prism analyzers of the type shown in Fig. 2, b is de-

scribed in [13, 22]. Thus, in [40], this analyzer is built 

based on the use of a pair of two-beam Wollaston po-

larizing prisms, the optical axes of which are oriented 

at an angle of 45° to each other, and the prisms them-

selves fill sectors 1-2 and 3-4, respectively, and have 

an efficiency equal to 100 %. In [40], a double wedge 

Wollaston prism was proposed to determine the first 

three Stokes parameters of linearly polarized light. In 

[39, 43, 47, 51], in addition to the array of Wollaston 

prisms, a quarter wave plate is also used as a polar-

ization analyzer to determine all Stokes parameters. 

However, the own dispersion of the prisms requires 

the use of additional compensation wedges. The [28] 

presents the development of a polarimeter based 

on pairs of Wollaston prisms, which use a system of 

wedges for dispersion compensation.

The advantage of using polarizing prisms based on 

birefringent crystals is the highest polarization con-

trast (extinction ratio) (1:105…1:106) and the lowest 

absorption in a wide range of wavelengths (300—

2500 nm) compared to other types of linear polarizers. 

Thus, the use of polarizing prisms for the design 

of the segmented polarizer EDIPO (Fig. 2, b) was 

also considered. In particular, the optical system of 

the polarimeter was modeled, where the analyzer is 

built on the basis of a pair of Wollaston prisms. The 

optical axes are at an angle of 45° relative to each 

other. One of the disadvantages of Wollaston prisms 

is the dependence of the angle between the ordinary 

and extraordinary output rays on the wavelength of 

the input light. Simulation shows that achromati-

zation of the Wollaston prism in the spectral range 

of EDIPO operation (450—1000 nm) is possible. 

For that purpose, one should be three-component. 

It is also necessary to use additional compensating 

prisms, which should include at least 3 wedges. The 

path of rays in the optical system of the polarimeter 

in the collimator-analyzer part, if the design of the 

analyzer is based on achromatic Wollaston prisms, is 

presented in Fig. 3.

Figure 4 show the structure and dimensions of the 

analyzer unit based on two Wollaston prisms with 

Table 2. EDIPO optical system parameters

Parameter Value 

Spectral range, nm 450—1000 

Camera lens aperture ratio D/f 1/3.2

Collimator diameter, mm max/min 160/84 

Collimator length, mm 600 

Number of collimator lenses 4

Camera lens length, mm 160 

Camera lens diameter, mm 76

Number of camera lens lenses 7

Polarimeter pupil diameter, mm 60 

Mirror division system diameter, mm 180

Number of detectors, 4

Detector size, pixels 4000 × 4000

Pixel size, mm 10

Polarimeter aperture ratio D/f 3.2

Figure 3. Ray’s propagation in the part of polarimeter optical 

system collimator — polarization analyzer for option the ana-

lyzer based of achromatized Wollaston prisms: 1 — telescope 

focal plane, 2 — collimator, 3 — double Wollaston prism
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compensating wedges. Figure 4, a shows the general 

view of the analyzer, and Figure 4, b shows the ap-

pearance and composition of one of its prisms. The 

appropriate combination of birefringent crystals and 

crystals is CaCO
3
 + LiNbO

3
 + TeO

2
. This combina-

tion, together with the PSK58 + KZFSN4 + FTL8 

(Schott and Ohara) glass apochromatic wedge sys-

tem, can deflect light beams at angles up to 6° and 

forms two channels (camera lens, detector) for ana-

lyzing the polarized light parameters.

With a light diameter of 60 mm, the total thickness 

of the analyzer unit in Fig. 4, a should be 95 mm. 

The analyzer in Fig. 4, a is equivalent to the segment-

ed analyzer in Fig. 2, b. Each prism of the block in 

Fig. 4, a forms two adjacent segments of the analyzer 

in Fig. 2, b (1-2 and 3-4).

The main disadvantages of the considered ana-

lyzer are:

— large dimensions,

— vignetting of rays at the edge of two adjacent 

Wollaston prisms (for edge rays can be up to 20—

25 %),

— different dispersion of Wollaston prisms for two 

orthogonal directions of light propagation, as a re-

sult of which the images of the object constructed by 

camera lenses are not identical.

The analysis showed that it would be technologi-

cally difficult to ensure the necessary homogeneity 

and uniformity of Wollaston prism parameters within 

the light beam diameter of 60 mm and wavelength 

range of 400—1000 nm. The errors caused by these 

imperfections will be difficult to account for and 

will greatly complicate the calibration procedure. 

Furthermore, it is expected the described assemble 

would be too expensive. Therefore, the use of consid-

ered prism analyzers is impractical.

As an alternative way, the design of a segmented 

analyzer based on polarization cubes with a polariza-

tion multilayer coating was also analyzed [44]. The 

design of the segmented analyzer proposed by the au-

thors is presented in Fig. 5. As can be seen, the speci-

fied system is cumbersome and structurally complex. 

The main advantage of using polarization cubes 

is their relatively low cost compared to Wollaston 

prisms. At the same time, the cubes have a selective 

transmittance and cannot cover wide spectral ranges. 

On the other hand, the complexity of assemble con-

figuration Fig. 5 precludes a quick change of cubes 

for different ranges, which also makes this solution 

unsuitable for use in EDIPO.

The use of polarizing films simplifies the design of 

the segmented analyzer significantly. All we have to 

Figure 4. General view of the of Wollaston prisms unit with compensating wedges (a) 

and composition of one Wollaston prism with compensation wedges (b). B — side 

view, A — top view
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do is place polarizing films with a given azimuth of 

the transmission axis in the corresponding segments 

of the analyzer (Fig. 2, b). The polarization analyzer 

commonly installed in the image plane of the en-

trance pupil (main mirror of the telescope), which 

is formed by a system of parallel rays, with angles of 

incidence different from 0°. The actual value of the 

incidence rays’ angle on the segments of the analyz-

er, on the one side, is determined by the constructive 

displacement of the segments relative to the optical 

axis of the polarimeter, on the other side, by the ac-

tual field of view (FOV) of the telescope. 

With a wide FOV, vignetting of oblique field rays 

occurs at the edges of contact of the analyzer seg-

ments. The thicker the polarization analyzer, the 

greater the vignetting (see Fig. 4, b). The use of films 

minimizes the thickness of the analyzer and, accord-

ingly, additional vignetting since the range of permis-

sible input angles of polarizing films is tens of de-

grees, which is an order more than available for prism 

polarizers and polarizing cubes.

The disadvantage of polarizing films, operating in 

a wide spectral range, for example, 400—700 nm, is 

relatively low transmittance (actually below 47 %) 

and relatively low polarization contrast that does not 

exceed 1:104 [https://www.edmundoptics.com/f/

high-contrast-linear-polarizing-film/14385/]. How-

ever, polarizing films, operating in narrow spectral 

ranges, have a polarization contrast greater than 

1:104 and a transmittance of 60—80 %. The use of 

a set of narrow-band polarization films for several 

wavelength ranges will allow covering the spectral 

range of 450—1000 nm [https://www.codixx.de/en/

colorpolr-polarisationen/uv-polarisatoren]. A sig-

nificant advantage of using the polarizing films-based 

segmented analyzers is the simplicity of replacing 

analyzers simultaneously with a spectral filter when 

changing the desired spectral range during the obser-

vation process.

Taking into account the disadvantages and advan-

tages of the considered different implementations of 

segmented polarization analyzer, the EDIPO analyz-

er was designed with the use of codixx VIS 500 BC4 

and VIS 700 BC4 polarization films, which overlap 

the spectral range 550—1100 nm.

The field lens (Fig. 1, 2) has a low optical power 

of 1/f  1.7  10–3 m–1 and is installed in front of 

the mirror division system. It is intended to reduce 

the diameter of the off-axis beams, which are then 

spread in the optical system.

Mirror division system. The polarimeter has a mir-

ror division system for the spatial division of input 

light parts that have passed through the correspond-

ing segments of the analyzer. It consists of a pyramid 

with four reflective faces and four mirrors (Fig. 6). 

Each pyramid surface is positioned to reflect part of 

the light that has passed through a certain segment of 

the analyzer onto one of the mirrors. Next, the di-

Figure 6. Mirror division system: 1 — to camera lens 0°, 2 — to 

camera lens 45°, 3 — to camera lens 90°, 4 — to camera lens 

135°

Figure 5. Segmented polarization analyzer based on polariza-

tion cubes: 1 — collimator, 2 — camera lens 0°, 3 — camera 

lens 45°, 4 — polarizing cube 0°—90°, 5 — polarizing cube 

45°—135°, 6 — to camera lens 0°, 7 — to camera lens 45°, 8 — 

to camera lens 90°, 9 — to camera lens 135°
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vided rays are directed by mirrors into four camera 

lenses. In this way, four spatially divided channels are 

obtained, and the light of each is registered by the de-

tector. This mirror system does not have chromatic 

aberrations, unlike, for example, the wedge system 

[54, 57, 58], and its location after the analyzer (along 

the path of light propagation) does not affect the de-

termination of the input light polarization param-

eters. The contribution of the system to the effective 

values of the transmission coefficients of the polar-

imeter channels will be automatically taken into ac-

count during calibration.

Camera lenses. The general view of the camera lens 

optical system is shown in Fig. 2, a. Each camera lens 

consists of a triplet and four single lenses. The focal 

length of the lens is 225 mm, the maximum light di-

ameter of lenses is 76 mm. After passing through the 

mirror division system, ¼ of the total light goes to 

each camera lens. At the same time, the light diame-

ters have an asymmetric shape, and therefore, asym-

metric spots are formed in the camera lenses’ focal 

planes. In Fig. 7, the model spot diagrams (artificial 

star), which are formed by the polarimeter optical 

system in the focal plane of one of the four camera 

lenses, are presented. Spots are modeled for differ-

ent coordinates of the FOV (center, middle, edge). 

The scale of the figure is 30´, which corresponds to 

the telescope FOV. In Fig. 7, the scale of spots has 

been increased to better illustrate the distribution of 

asymmetry along the plane of the detector. As shown 

in Fig. 7, the difference in the spot size in the center 

and on the corner does not exceed 1 pixel (10 μm) in 

the focal plane of the camera lens.

Detectors. A matrix detector is placed in the focal 

plane of each of the four camera lenses. Schemati-

cally, the correspondence of the points on the polar-

imeter matrix detector to the points of the input field 

of the polarimeter is shown in Fig. 8. In the right part 

of the figure, the numbers in brackets indicate which 

segment of the analyzer this spatial channel corre-

sponds to. The asymmetry of the shape of the light 

rays in the camera lenses leads to different asymme-

try of the spots in the corresponding spatial channels 

of the polarimeter, which can be compensated for by 

geometrical calibration of the polarimeter.

4. POLARIMETER MECHANICAL DESIGN

Details and features of the EDIPO polarimeter de-

sign, which implements the concept discussed in the 

previous section, are given below.

The design simulation of the instrument is shown 

in Fig. 9. The polarimeter consists of the units: the 

collimator unit 1, the unit of polarizers and spectral 

filters 2, the mirror division system unit 3, the camera 

lens unit 4, and the matrix detector.

The front part of the polarimeter contains a col-

limator tube, which consists of two parts. The first 

collimator lens is installed in the first part of the tube. 

The rear part of the tube is centered and attached to 

Figure 7. Model spot diagrams (artificial star) in the focal 

plane of a camera lens

Figure 8. Forming of the input field image on EDIPO matrix 

detectors
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the unit of polarizers and spectral filters. Structur-

ally, other collimator lenses are attached to the unit 

of polarizers and spectral filters. The tolerance for 

centering the collimator lenses is 0.1 mm and is fully 

achievable in the design.

The unit of polarizers and spectral filters is a com-

posite frame. It has three wheels which have 6 positions 

each. The main wheel is for polarizers, the others are 

for spectral selection elements (spectral filters, trans-

missive diffraction gratings). Changing the elements’ 

position in each wheel is carried out using stepper mo-

tors. A field lens is coaxial with the optical axis of the 

collimator, and it is also attached to the unit. A colli-

mator is attached to the unit’s front part, and the mir-

ror division system is attached to the unit’s rear part.

The model of the mirror division system unit in 

section 3/4 is presented in Fig. 10, a. The elements 

of the system are a mirror pyramid, which consists 

of four separate mirrors glued to an aluminum pyra-

mid, four units of diagonal mirrors, and a frame. The 

design includes a system of adjusting screws. The ad-

ditional baffles are provided between adjacent mirror 

faces in the mirror pyramid to block the stray light.

The camera lens unit is presented in Fig. 10, b. 

It consists of four lenses of the same type placed in 

a housing. The design allows you to focus each lens 

separately during adjustment and adjust the unit as 

a whole. The camera lens unit is connected to the 

mirror division system unit by the flange of the left 

part (relative to the ray propagation). The unit is con-

nected to the detector with the right flange.

5. ADJUSTMENT AND PRELIMINARY 
EXPERIMENTAL RESULTS

Simulation of the errors in the alignment of optical 

elements of the polarimeter has provided to separate 

the most critical of them. As a result, the permissible 

deviations of the design parameters and spatial posi-

tions of these optical elements were determined. The 

most stringent requirements are defined for the spa-

tial placement of the mirrors of the division system 

and the relative placement of the camera lens lenses. 

The error in the spatial arrangement of the faces of 

the monolithic pyramid and the fold mirrors of the 

division system is <3 arcsec, and the error in the 

relative location of the lenses of the camera lenses is 

<0.1 mm.

All the design elements of the EDIPO polarimeter 

were produced by Added Value Solutions company 

(AVS) https://www.a-v-s.es/. The assembly and ad-

justment of the polarimeter were also carried out in 

the optical laboratory of the company according to 

the correspondingly developed procedures. For the 

Figure 10. Mirror division system unit (a) and camera lenses 

unit (b) of EDIPO polarimeter and its general view (c, d re-

spectively): 1 — input light, 2 — fold mirrors, 3 — mirror pyra-

mid, 4 — output light, 5 — flange to mirror division system, 

6 — camera lenses, 7 — housing, 8 — mechanism for adjust-

ment, 9 — flange to detector

Figure 9. Design simulation of the EDIPO polarimeter: 1 — 

collimator unit, 2 — unit of polarizers and spectral filters, 3 — 

mirror division system unit, 4 — camera lens unit
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intermediate step of checking each camera lens unit, 

the classic method was used. The “artificial star” in 

the focal plane of the collimator was installed, the 

image of which was then analyzed by each lens. The 

results of testing the camera lenses showed a correla-

tion between real and modeled image quality param-

eters (Fig. 7). 

The spatial position of each fold mirror relative 

to the corresponding face mirror of the pyramid was 

controlled by the collimation method. This ensured 

the necessary accuracy in the relative location of the 

mirror faces of the prism and the rotating mirrors 

within 3 arcsec.

For the polarimeter, a camera containing four 

separate matrix detectors was developed (Fig. 11, 

a). The control electronics unit and detectors are 

made in a single housing. The size of each detector is 

4000 × 4000 pixels with a pixel size of 10 μm. 

The general view of the assembled EDIPO polar-

imeter is shown in Figure 11, b.

The first images on the polarimeter were obtained 

at the Caral Alto observatory using a telescope with 

a mirror diameter of 1.2 m [https://www.caha.es/

CAHA/Telescopes/1.2m.html] (Fig. 12). The imag-

es of the sky were obtained without the use of polariz-

ers. We estimated only the image quality at this stage. 

Figure 13, a shows images of 1—4 of the polar-

imeter detectors when observing the area of the sky 

around the galaxy M101. Figure 13, b shows the re-

sult of the sum of images 1—4 (displays the double 

value of the intensity distribution through the ob-

served scene). Figure 13, b shows an enlarged central 

part of the FOV with an image of the M101 galaxy to 

illustrate the resolution of the polarimeter-telescope 

system. 

6. GEOMETRIC AND POLARIZATION 
CALIBRATION EDIPO 

The next step to ensure the full functioning of 

EDIPO as a part of the telescope is the geometric and 

polarization calibration. In this case, the essence of 

geometric calibration is to estimate offsets of pixel 

coordinates in each of the four received images.

For this purpose, it is planned to use a labora-

tory calibration stand with an image of a “check-

erboard” type structure [41] or chess mates [3, 64] 

with subsequent localization of the coordinates of the 

Figure 13. Four images of the sky around galaxy M101 on po-

larimeter detectors 1—4 (a) and central part of the polarim-

eter’s FOV, obtained as a result of the sum of this four images 

(b)

Figure 11. EDIPO camera and control electronics unit assem-

bly (a) and general view of the assembled EDIPO polarimeter 

(b)

Figure 12. Stokes polarimeter EDIPO installed on the tele-

scope of the Caral Alto Observatory
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“checkerboard” nodes on the images in the EDIPO 

channels. There are techniques of geometric cali-

bration based on using reference light sources with 

a well-defined direction of view [4] and that util ize 

precise turntables [8, 17]. The final relative values of 

coordinate offsets in the channels will be determined 

by averaging the offsets obtained for the nodes of the 

calibration image. The maximum distortion of the 

EDIPO optical system is 1.2 %, so its compensation 

is provided according to the method proposed by the 

authors in [32].

Polarization imperfections of the optical system 

of the telescope and polarimeter (birefringence in 

the lenses caused by mechanical stresses in their 

material), errors in the orientation of the polarizing 

films in the analyzer segments, the finite polariza-

tion contrast of the polarizing films, the difference 

in the photoelectric characteristics of the detectors 

will increase the systematic polarimetric error of the 

system. The influence of these negative factors on the 

polarization measurements of polarimeters is usually 

described by the instrumental matrix [62] or instru-

men tal polarizations [5, 13]. Determining the instru-

mental matrix/polarizations of the polarimeter and 

using it to adjust the results of subsequent measure-

ments is the essence of polarimetric calibration.

For the polarimetric calibration of the telescope-

EDIPO system, the approach described in [32, 59] 

can be partially used. The measurement equation of 

the system for each pixel of the input image has the 

form:

 

0 1 1 1 1

90 2 2 2 2

45 3 3 3 3

135 4 4 4 4

1 cos2 sin2
1 cos2 sin2
1 sin2 cos2
1 sin2 cos2

inst

I a a
I

I a a
Q

I a a
U

I a a

    
                    
           

M


,  (4)

where I, Q, U — Stokes parameters for an image with-

in a pixel, indices — 0, 90, 45, 135, indicate the corre-

sponding spatial (polarization) channels 0°, 90°, 45°, 

135°; I
0
 = ARD

0
, I

90
 = AK

1
RD

90
, I

45
 = AK

2
RD

45 
, I

135
 = 

= AK
3
RD

135
 — are the light intensities on the detec-

tor pixels of the corresponding spatial channel. At the 

same time RD
0, 90, 45, 135

 = R
0, 90, 45, 135 

– D
0, 90, 45, 135

 

data from the analog-to-digital converter (ADC) of 

the EDIPO camera corrected for the offset of the 

“electrical zero”, D
0, 90, 45, 135

 — determines the dark 

signal level (“electrical zero”) of the detector when 

the EDIPO input light is blocked, A — is a radiomet-

ric coefficient for converting digital ADC values into 

an absolute radiometric scale, if necessary, K
1
—K

3
 

coefficients, compensating for the difference in sig-

nals at EDIPO detectors when observing a non-po-

larized source, en — polarization contrast of polariz-

ing films in the analyzer segments (0o + 
1
, 90o + 

2
, 

45o + 
3
, 135o + 

4
) (Fig. 2, b), an = (en 

 1)/(en 
+ 1) — 

effective factor that takes into account the finite po-

larization contrast of polarizing films of the EDIPO 

analyzer, n — effective angular errors in setting the 

azimuths of polarizers in the analyzer segments.

The corresponding coefficients are effective values 

since they take into account the effect on the polar-

ization measurements of both the EDIPO elements 

and the telescope. instM  in eq. (4) is the instrumental 

matrix of the telescope-EDIPO system. Note that the 

form of measurement equation (4) is general for all 

points of the input image of the system. At the same 

time, each point of the input image corresponds to its 

own numerical instrumental matrix.

Calibration procedures are described in [32], 

which allow determining the coefficients of the in-

strumental matrix in (4) at laboratory conditions. 

However, the use of such procedures is impossible for 

the telescope-EDIPO system due to the stationary 

placement and significant dimensions of the entire 

measuring system. In astronomical research, the in-

strumental matrix or polarization is determined us-

ing observations of standard stars with low polariza-

tion [13, 16].

When observing the source of unpolarized radia-

tion in (4), it becomes possible to determine the val-

ues of the coefficients K
1
—K

3
 as:

 

90
1

0

RDK
RD

 ,  45
2

0

RDK
RD

 ,  135
3

0

RDK
RD

 .  (5)

It will obviously be necessary to determine the val-

ue of these coefficients for a discrete set of different 

angles of observation of the source and to carry out 

an approximation over the entire field of view based 

on the discrete values.

To determine the instrumental matrix instM , it is 

necessary to measure the intensities in the EDIPO 

channels when observing three different polarization 



104 ISSN 1561-8889. Космічна наука і технологія. 2024. Т. 30. № 2

I. I. Syniavskyi, A. J. Castro-Tirado, Yu. S. Ivanov, S. S. Guziy, Ye. A. Oberemok

standard stars, which have maximally different and 

well-known light polarization azimuths. Then, the 

expression for determining the instrumental matrix 

of the telescope-EDIPO system will have the form:

Minst = 

(1) (2) (3)
10 0 0 (1) (2) (3)

(1) (2) (3)
90 90 90 (1) (2) (3)
(1) (2) (3)
45 45 45 (1) (2) (3)
(1) (2) (3)
135 135 135

I I I
I I I

I I I
Q Q Q

I I I
U U U

I I I

 
  
  
  
  
   

, (6)

where the lowercase letter (m) denotes the values 

determined for the m-th polarization standard.

One of the advantages of the described procedure 

is the automatic accounting of atmospheric effects 

in the instrumental matrix (6), which can also lead 

to additional instrumental polarization in the case of 

the possibility of its practical implementation.

7. RESULTS AND DISCUSSION

One of the tasks of the EDIPO polarimeter design 

is to ensure its versatility and multifunctionality. The 

polarimeter should ensure the operation of the tele-

scope in the photometric multispectral mode and the 

mode of polarization measurements. To ensure this 

functionality, the design of the polarimeter involves 

the installation of a unit of polarizers and spectral fil-

ters (Fig. 9). These units include three wheels with 

fixed spectral filters, polarization analyzers, phase 

plates, or a combination of them. To ensure astro-

nomical observations, one of the wheel’s hole posi-

tions can be empty or contain a fused silica window. 

Since the polarimeter collimator forms a system of 

parallel beams, only elements that work in converg-

ing beams — narrow-band interference filters and 

diffraction gratings — can be installed in the wheel. 

Any combination of filters, film polarizers, phase 

plates, and diffraction gratings can be inserted into 

the pupil sectors.

The versatility of EDIPO requires a multi-step 

setup and testing process. The first step, the results 

of which are presented above, involved the optical 

adjustment of EDIPO on the telescope of the Сalar 

Alto Observatory with a main mirror diameter of 

1.2 m (Fig. 12) to ensure their full compatibility, 

without spectral filters and polarizing elements. As a 

result, test observations showed that the optical ab-

errations of EDIPO agree with the calculated values 

for the four channels of the polarimeter. The differ-

ence in the geometric parameters of the images in the 

channels does not exceed 1 pixel.

In this way, the complete compatibility of the 

optical parameters of the polarimeter and the tele-

scope was established, which allows them to be used 

in a complex for conducting astronomical observa-

tions. At the same time, parallel measurements in 

four EDIPO channels of equivalent images of ob-

jects can be used for an additional 4-fold averaging 

of the observed picture without increasing the expo-

sure time.

In the next step, photometric and polarimetric 

calibration of EDIPO is planned following the pro-

cedure described in the previous section using celes-

tial stellar standards.

Although the analysis of the light polarization 

parameters is performed simultaneously for the en-

tire FOV in the polarimeter, to ensure multispectral 

measurements using EDPO in the range of 450—

1000 nm, it will be necessary to change the spectral 

filters and polarization analyzers by rotation of the 

wheels. This disadvantage can be partially eliminated 

by using combined spectral filters or diffraction grat-

ings as spectrally selective elements, as in the HARP 

case [30 ], for instance. However, such a decision will 

inevitably lead to a decrease in the resolution of the 

proportional to the increase in the number of simul-

taneously registered spectral channels.

8. CONCLUSIONS

The EDIPO imaging polarimeter was developed, 

intended for use in conjunction with astronomical 

telescopes of the BOOTES network to study the po-

larization features of the rapid processes of the after-

glow of gamma-ray bursts (GRB).

The design of the polarimeter, optical parameters, 

and the choice of measurement scheme are deter-

mined by the design features of the BOOTES net-

work telescopes and the specifics of the polarization 

studies. The possibility of studying polarization dis-

tributions in fast light-emitting processes is provided 

by a one-moment analysis of the polarization of the 

observed scene in four azimuthal directions of 0°, 

45°, 90° and 135°.

The design of EDIPO allows it to be used as a 

conventional telescope registration system and as a 
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spectrophotometer and polarimeter after appropriate 

calibration. Such universality is provided by the use 

in the design of the polarimeter changeable wheels 

with elements of spectral selection and polarization 

analyzers.

The polarimeter was manufactured, assembled, 

and tested in the AVS optical laboratory. Test ob-

servations of celestial objects were carried out at the 

Calar Alto observatory on a telescope with a main 

mirror diameter of 1.2 m. Testing was carried out in 

non-polarization mode. The experimentally demon-

strated image quality is in agreement with the theo-

retical assessments.

Further work involves testing the polarimeter in 

polarization mode using celestial polarization stan-

dards.
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ШИРОКОКУТНИЙ СТОКС-ПОЛЯРИМЕТР ДЛЯ МЕРЕЖІ ТЕЛЕСКОПІВ BOOTES. 

ОПТИЧНИЙ ТА МЕХАНІЧНИЙ ДИЗАЙН

Розглянуто зображувальний поляриметр EDIPO (Efficient & Dedicated wide-field Imaging Polarimeter), який у комбіна-

ції з астрономічними телескопами мережі BOOTES (Burst Observer and Optical Transient Exploring System) призначений 

для дослідження поляризаційних особливостей швидкоплинних процесів післясвітіння гамма-спалахів (Gamma-ray 

burst — GRB). Конструкція поляриметра дозволяє встановлювати його на телескопи мережі з діаметром головного 

дзеркала до 1.4 м. Поляриметр спроєктовано для проведення аналізу параметрів поляризації повністю та частково лі-

нійно поляризованого випромінювання у спектральному діапазоні 450 —1000 нм. Аналізатор поляризації не містить 

рухомих елементів і дозволяє проводити вимірювання параметрів Стокса I, Q, U випромінювання у полі зору 30'×30' 
одномоментно для однієї спектральної смуги робочого спектрального діапазону. Оптичну частину поляриметра без 

спектральних фільтрів та аналізатора поляризації виготовлено, зібрано та випробувано на телескопі з діаметром дзер-

кала 1.23 м. Розглянуто можливі підходи до поляриметричного калібрування системи поляриметр —телескоп.

Ключові слова: поляризація, Cтокс-поляриметр, телескоп.
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