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The energetic resolution is a main parameter of any thermal imager depending on the transmittance of its
optical system. The optical system of a polarizing thermal imager (PTI) consists of a polarizer, a phase
shifter and a lens arranged in series on the optical axis. This paper proposes a method for calculation of the
energic transmittance of the PTI’s optical system for partially polarized radiation as a function of angular
orientation of the polarizer and the phase retarder. The physical-mathematical model of transformation of
partially polarized radiation within the optical system which depends on parameters of optical elements and
their orientation in space is investigated. This model allowed us to determine the transmittance of the system
”polarizer - phase shifter” system depending on the angle o between the optical axes of the polarizer and
the phase retarder. The analysis of this method has shown that, for the natural radiation, the normalized
transmittance of the optical system does not depend on the angular orientation of the phase retarder and is
equal to 0.5. For the partially polarized radiation, the transmittance depends on the angle a: the maximum
transmittance value will be achieved in the case when the optical axis of the phase retarder lies in the
transmittance plane of the polarizer (o = 0°). For an arbitrary degree of polarization, the transmittance
decreases with increasing angle «. At an angle (o = 45°), the transmittance is equal to 0.5 and doesnot
depend on the degree of polarization of the examined radiation. To calculate the characteristics of the
partially polarized radiation using Stokes parameters, the intensity is to be measured at the output of the
optical system for angles a equal to 0°,90°,45°, and 135°. For such angles, the normalized transmittance
for the degree of polarization of 0.5 is equal to 0.75, 0.25, 0.5, and 0.5, respectively. This feature of the PTI’s
optical system must be taken into account when calculating the temperature resolution and the maximum

range of the thermal imager.
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Introduction

Polarization is one of specific characteristics of the
electromagnetic radiation field, besides its intensity,
wavelength, and coherence [1-3]. Polarimetry measures
the vector character of the radiation reflected or
scattered from the object’s surface and provides
important information about the surface’s orientati-
on, shape and quality. The polarization properties of
radiation detected from observation objects may differ
properties of radiation obtained from backgrounds and
are not correlated with the intensity and spectrum. As
a rule, radiation from the target is partially polarized,
while radiation from the background is natural [4, 5].
Thus, polarimetric images are very useful for increasing
the signal from the target and suppressing background
noise.

The main characteristics of polarized radiation
are the intensity, the degree of polarization, the azi-
muth and ellipticity of polarization [6-8]. To measure
these characteristics in the infrared (IR) region of

the spectrum, polarizing thermal imagers (PTI) are
applied [9-11]. The main characteristic of any thermal
imager is energetic resolution, which depends on the
transmittance of its optical system. There are many
monographs and articles in whichthe calculation and
measurement of the transmittance of thermal imager
lenses are explored [12-14]. At the same time, there
is almost no scientific and technical information on
calculation of the transmittance of the PTI’s optical
system consisting of the polarizer, phase retarder and
lens, which are sequentially located on the optical axis.

1 Problem formulation

The purpose of this article is to develop a method
for calculating the energetic transmittance of the opti-
cal system of a polarizing thermal imager for partially
polarized radiation depending on the angular orientati-
on of the polarizer and the phase retarder.
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2 Physical basics of the polari-
zation of the thermal imager

We consider the optical system of PTI, which consi-
sts of the IR polarizer, quarter-wave retarder and IR
lens of the thermal imager, sequentially located on the
optical axis (Fig. 1). Let a parallel beam of natural
or partially polarized radiation with amplitudes E, or
E,,, respectively is directed at the input of the optical
system. At the output of the polarizer, the linearly
polarized radiation is formed with the vector Elp, which
is oriented at an angle « relative to the optical axis oo of
the retarder (Fig. 2). After passing through a quarter-
wave retarder, the optical axis of which is parallel to
the surface of the retarder and makes an angle a with
the vector Elp (plane of polarization), as a result of
birefringence, the ordinary and extraordinary rays with
amplitudes F, and FE. are formed in the retarder. They
propagate in the same direction and have the following
phase difference at the output from the retarder

2
Ap=k-Ad=""(n, —n.)d,

g (1)
where d is a thickness of the retarder, Ad is the optical
path difference between the ordinary and extraordinary
rays, n, and n. are refractive indices for ordinary and
extraordinary rays, respectively.
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Fig. 1. Scheme for research of the polarization of
radiation (a) and its vector model (b)
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Fig. 2. Vector model of obtaining elliptically polarized
light

First, let’s consider the case when the optical
system receives natural radiation with intensity Iy =
IOO + I()e, where ]00 = |E00|2 and IOe = |E06‘2 is the
intensity of ordinary and extraordinary rays, respecti-
vely, and Iy, =1p. =0, 51.

Let’s determine the amplitudes of ordinary E,; and
extraordinary FE.; rays at the output of the retarder,
if the plane of polarization of the ray Ej, incident on
the retarder forms an angle « with the optical axis of
the crystal. From Fig. 2, we have

Ey = Ep,sina; Egp = Ej,cosa.

The amplitudes (instantaneous values of field
strengths) of ordinary and extraordinary rays change
over time according to the law

E. = E.jcoswt; E, = E, cos(wt — Ap).  (2)

The system of equations (2) is represented as one
equation, which does not depend on time t:

E; = coswt;
E, : .
o =cos(wt — Ap) =coswt cos Ay + sinwt sin Ap=
E. E.\
:Eel cosAp +1/1— <Eel> sin Ay;
5;01 — EE:1 cosAp=4/1— <§:1>2sinAgp.

Let us bring the right and left sides of the last
relationship to the square

E,\> E, E E.\?
° —2"2 ¢ cosAp + ( ° ) cos Ap =
(Eol) Bt By o T\ Ea 4

E.\?
=sin? Ap —sin® Ap () ,

Eel
or
E,\* , E, E. B\,
-2 A = Ap. (3
<E01> Eol Eel o8 <)0+ Eel S 7 ( )

The equation (3) is the equation of the ellipse, which
is arbitrarily oriented relative to the optical axisoo
of the retarder (Fig. 3). Therefore, the resulting field
amplitude at the output of the retarder will form the
elliptically polarized light, where ET = EO + Ee. The
semi-axes F,; and FE.; of the ellipse, as well as its
orientation depend on the angle a and the phase di-
fference Ap (1). The obtained equation (3) is called
a polarization ellipsoid, in which the ellipticity of the
ellipse is a degree of polarization, the direction of the
major axis of the ellipse is a direction of polarization 6,
of the ellipse, and the circle inscribed in the ellipse is a
natural component of radiation. The linearly polarized
component in the direction of the polarization angle 6,
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is the largest, while in the perpendicular direction it is
Zero.

By analysing the equation (3) for the case when
the phase difference Ay between ordinary FE, and
extraordinary E. rays is equal to /2, we can determine
the thickness of the retarder that provides this case.
From formula (1):

2T T A
Ap=— (N, —Ne)d= —; d=—— 4
14 )\(n ne) 2 = 4(ny, — ne) (4)
Ezellko
E,
<// Ey

Fig. 3. Vector model of elliptically polarized light

In this case, the optical path difference Ad between
the ordinary and extraordinary rays is equal to

Ad = (n, —ne)d = i)\.

Therefore, the uniaxial crystal retarder that provi-
des the condition (4), is called a retarder thickness of
A/4 or a quarter wave retarder.

For such a retarder, equation (3) has the form

E2
E3

E2
B

+

~ 1. (5)

The expression (5) represents the equation of the
ellipse having the semi-axes

a=FEy, =Fysina; b= F. = Eppcosa.

Here, we can consider four cases for the equati-
on (5) with different values of the angle o between the
plane of polarization of the radiation incident on the
wave retarder and the optical axis of the retarder (2):

1. a=0° Then E, = FE,; =0 and E., = Ej;, and
the equation (5) will be presented as E. = Ee;.
This means that, in this case, the linearly polari-
zed radiation with intensity Iye = Ip. = 0.51j is
formed at the output of the retarder.

2. a=90°. Then E,; = Ej, and E, = E,, =0, and the
equation (5) will be presented as E,= E,;. This
means that, in this case, the linearly polarized
radiation with intensity Igge = Iy, = 0.51 is
formed at the output of the retarder.

3. a=45°. Then E, = Ey,,/V/2 and Ee1 = Ey,/V/2,
and the equation (5) will be presented as E? +
E? = Efp/2. This means that, in this case, the
right-circular polarized radiation with intensity
I450 = 0.51p is formed at the output of the
retarder.

4. « = 135°. Then E,; = Elp/\@ and B, =
—FEj,/V/2, and the equation (5) will be presented
as B} + E?=FE},/2. This means that, in this case,
the left-circular polarized radiation with intensi-
ty Ii350 = 0.51g is formed at the output of the
retarder.

Consider the case when partially polarized radi-
ation is directed into the input of the optical system
with the following parameters: the intensity I, the
degree of polarization P, the direction of polarization
0. By using the model of partially polarized radiation,
according to which such radiation is a superposition of
linearly polarized I, and unpolarized radiation (natural
radiation) I,,, one can obtain the resulting intensity

[2,11,15]
(6)

After passing the polarizer (Fig. 1), the intensity
will depend on the orientation angle 6, of the partially
polarized radiation relative to the vertical y axis and
the observation (measurement) angle ¢ = «. Then,
according to Malus’s law

Lp=1Io=1I, + I,

L) =Tal) + Iy (9) =5 T + Ty cos*(o—6y), (7)

where 17, is a natural component; I, cos?(¢ — 6,,) is a
linearly polarized component.

The degree of polarization is determined by the
classical formula

I -1,
P= , 8
IH +1; ( )
where I and [, are intensity components
of two mutually perpendicular polarization

components, which are obtained from formula (7):

1(9)=1(6,) = 1(0,) + L,(0,) ==

QITL +Ip7

(9)

m ™ T 1
L@ =1 (04 5) =1 (0t 5) 10 (04 5) =51
(10)
From equations (6) - (10) we can obtain the degree

of polarization of the partially polarized radiation
p_t _ L
In+1, Ip’

where

(11)

Below we analyze four cases for the equation
(7) with different values of the angle a between the
plane of polarization of the radiation incident on the
wave retarder and the optical axis of the retarder, when
0,=0.

The characteristics of the polarization image
are determined using Stokes parameters, which are
measured for angles « equal to 0°, 90°, 45°, and 135°.
For these angles, we have:

I,=PI,,=Ply; I,=I—I,=I,(1— P).
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1. a=0°. Then Ipo =11, 4+ I,=1Iy(1—P) + Ply=
:%IO(].‘FP).

2. @=90°. Then Iype =11, =1Io(1-P).

3. a=45°. Then I 50 :%In +1, cos? 450:%]n 4
+ 31,=1[Io(1-P) + Ply|=}1I,.

4. a=135°. Then I135o :%IO

An energetic transmittance of the optical system of
PTI is defined as

1o

TO’ (12)

Tos = TpThpTo =
where [y is the radiation intensity at the input of the
optical system (polarizer); I, is the radiation intensity
at the output of the optical system (lens); 7, , Thp , To
are transmittances of the polarizer, phase retarder and
lens, respectively.

By using the formulas obtained above, we can
determine the transmittance of the system "polarizer -
phase retarder” depending on the angle a between the
optical axes of the polarizer and the phase retarder.

For natural radiation, we have:

1
Tp—hp = TpThp(Q) = 5 TpThp,

: (13

where 7, and 7p, are transmittances due to Fresnel
losses on the input and output surfaces of the optical
elements and absorption in the optical medium of the
polarizer and the phase retarder, respectively.

It is clear from the formula (13) that the transmi-
ttance of the optical system for natural radiation does
not depend on the angle a.

For partially polarized radiation with different
angles a:

1. TOSZTPThp(OzZOO)ZTPThp%(l—i—P);
2. Tos =Thp(a=90°) =7p7pp 5 (1—P);
3. Tos =Thp(a=45°) =7, Thp;
4. Tos=Thp(a=135°) =T, Thp.

Let’s determine the transmittance of the optical
system for an arbitrary angle a. From the expressions
(7), (11), and (12), we have

Iy, 7TpmhpTo |1
TOS:TOZ P Iop [QInJrIp cos? Oz] =
o | 1
_T’”Tli [210(1—P)+PIO cos? a} = (14
0

=TpThpTo [;(1—P)+P cos? a] .
The charts of the normalized transmittance of the
PTT’s optical system s n, = Tos/TpThpTo in dependence
on the angle a are shown in Fig. 4.
The analysis of the function (14) and its charts
shows that:

1. For natural radiation, the normalized transmi-
ttance of the optical system 7,5, of PT does not
depend on the angle « and is equal to 0.5.

2. For partially polarized radiation, the transmi-
ttance of the optical system decreases as the angle a
increases.

3. For partially polarized radiation, at an angle
o = 45°, the transmittance 7,5, with an arbitrary
degree of polarization is equal to 0.5. This occurs due
to the fact the circularly polarized radiation is formed
when the angle a=45°.

4. For partially polarized radiation, at observation
angles o < 45°, the transmittance 7, y, is greater than
for the natural radiation, while at angles o > 45° —
vice versa.

5. For small values of the polarization degree P <
0.1, the normalized transmittance varies slightly within
the range 0.45 < 755, < 0.55.

7_(os,n)
™~

0,8 ~

’ §\ 3 ~N K—
0.6 4\\\ :
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\h

0,2 \\

0 ~ «

0 10 20 30 40 50 60 70 80 90'PM

Fig. 4. Dependence of the energetic transmittance of
the optical system of a polarizing thermal imager 7, ,
for the partially polarized radiation on the angle «
between the plane of polarization of the radiation inci-
dent on the wave retarder and the optical axis of the
retarder. Polarization degree value: 1 — P=0; 2 — P=1;

3 - P=0.5;4 - P=0.1.

The increase the transmittance of the optical
system of PTI, and hence the improvement the
energetic resolution of PTI can be achieved by:

1. Reduction of Fresnel losses on reflection by using
optical elements with low refractive index or applying
antireflection coatings on surfaces.

2. Use a polarizer, phase retarder and IR lens with
high transmittance.

Conclusions

The proposed physical-and-mathematical model of
the optical system of a polarizing thermal imager
enabled to develop a method of calculating the
energetic transmittance of an optical system for the
partially polarized radiation depending on the angular
orientation of the polarizer and the phase retarder. The
analysis of this method has shown that:

1. For natural radiation, the normalized transmi-
ttance 7,5, of the optical system does not depend on
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the angular orientation of the phase retarder and is
equal to 0.5.

2. For partially polarized radiation, the transmi-
ttance T, depends on the angle a:

2.1. The maximum value of the transmittance will
occur in the case when the optical axis of the phase
retarder lies in the plane of transmission of the polari-
zer (o =0°). For an arbitrary degree of polarization,
the transmittance decreases with increasing angle a.

2.2. At an angle a = 45° the transmittance is
equal to 0.5 and does not depend on the degree of
polarization of the examined radiation.

2.3. To calculate the characteristics of the parti-
ally polarized radiation using Stokes parameters, the
intensity at the output of the optical system for angles
« equal to 0°, 90°, 45° and 135° is measured. For these
angles, the normalized transmittance 7,,, with the
degree of polarization of 0.5 is equal to 0.75,0.25, 0.5,
and 0.5, respectively. This feature of the optical system
of PTT must be taken into account when calculating the
temperature resolution of the thermal imager.
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Komm’torepui TexHOJOrii MOaeTIOBaHHSI
OIITUYHOI CHUCTEMHU MOJAPU3AMIAHOTrO
TeIrJjaoBizopa

Konobpodos B. T

Y cTaTTi JOCHIIKYETHCS 3aITPOTIOHOBAHUN METOI PO3-
PaxXyHKY €HEePreTHYIHOr0 KOe(iIieHTa MPOIYyCKAHHS OIITH-
9HOl cucremmu nosspusanifinoro rensosizopa (IIT) masa
YaCTKOBO IOJISIPU30BAHOIO BUIIPOMIHIOBAHHS B 3aJI€XKHOCTI
Bi7T KyTOBOI OpieHTaMil TOIgpu3aTopa i ha30Bol IACTHHKHA.

OCHOBHOIO XapaKTEPUCTUKOIO OYIb-sIKOTO TEILJIOBI30pa
€ eHepreTUYHe PO3IiJIeHHs, sIKe 3aJIeKUTh BiJ KoedimienTa
nporyckanis #oro omrudHoi cucremu. Ouruyuna cucrema
IIT ckmamaeThes i3 MOCIIAOBHO PO3TANTOBAHUX HA OTTUYHI
oci monsgpu3aropa, $a3oBoi ITACTUHKHU i 00’ektuBa. [lo-
cJijpKeHa Pi3uKo-MareMaTuIHa MO/IE/Ib II€PeTBOPEHHS 9ac-
TKOBO ITOJITPU30BAHOTO BUIIPOMIHIOBAHHS B TaKiil ONTUIHIN
CHCTEMi B 3aJIEXKHOCTI BiJl HapaMeTPiB ONTUYHUX €JIEMEHTIB
Ta ix opienraril y npocropi. Taka Mozesns 7038018 BU3HA-
9uTH KOE(DIIIEHT IPOITYCKAHHS CHUCTEMH <IIOJISIPU3ATOD —
Gda3z0Ba MIACTUHA» B 3JIEKHOCTI BiJl KyTa MiXK ONITHIHUMUA
oCAMU 10Jisspu3aTopa i (Pa30Bol ILIACTUHH.

JloctimKeHHs ITbOr0 METOy HOKa3aJIH, III0 HOPMOBAHMIA
KOe®II€HT MPOIyCKAHHS ONTHUYHOI CHCTEMU IJisd IIPUPO-
JHBOTO BUIIPOMIHIOBAHHS He 3aJI€YKUTH BiJ KYTOBOI Opi€H-
Tariil ¢a3oBoi maactuay i gopisioe 0,5. [las 9acTKOBO T10-
JITPU30BAHOTO BUIMIPOMIHIOBAHHS KOeMIII€HT IIPOIIyCKAHHS
3aJIEKUTH BiJ KyTa (v MAKCHMAJIbHE 3HAUEHHs KoedirienTa
TPOIyCKAHHs Oy/ie y BUIAJKY, KOJIM ONTHYHA BiCh (a30Boi
IJIACTHHH JIEKUTH B ILUIONIMHI IPOILYCKAHHS IIO/ISIPU3ATOPA
(= 0°). g mOBLIBHOTO CTyMeHs TOaApw3anii i3 3611b-
MEHHSIM KyTa « KOedIIi€HT TPOMYCKAHHS 3MEHIYEThCS.
IIpm kyTi o = 45° xoedinienT npomyckanns mopisaoe 0,5
1 He 3aJIeKUTH BiMl CTYIIEHS TMOJIAPU3AI] JOCILIKYBAHOTO
BUIIPOMIHIOBAHHS.

st po3paxyHKY XapaKTEPUCTHK YACTKOBO ITOJISIPH-
30BAHOr0 BHUIIPOMIHIOBAHHS 3 BUKOPHCTAHHSIM I[IapaMeTPiB
Crokca BUMIDIOETHCS IHTEHCHBHICTH Ha BHXOZl ONTHUYHOL
cucremu A1 KyTiB o piaux 0°, 90°, 45° 1 135°. s Takux
KyTiB HOPMOBAHUI KO€(DII€HT IIPOIYyCKAHHS I CTYIICHS
nostgpu3anii 0,5 mopisuioe 0,75,0,25,0,5 1 0,5 Bigmosimmo.
Taxy ocobmusicts omrTmunoi cuctemu IIT nHeobximmHo Bpa-
XOBYBATH IIPU PO3PAXYHKAX TEMIIEPATYPHOTO PO3/iICHHS i
MaKCHMAJIbHOI TaJIbHOCTI il TerioBizopa.

Karowosi crosa: mONgpu3aniiHUi TEIIOBI30D; MOIAPHU-
3aTop; (a30Ba IIACTHHA; EHEPreTUYHMI KOeIIEHT MTpo-
nyckanss; Bekrop Crokca
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KoMnbioTepHbIE TEXHOJOTUN MOJIEJIAPO-
BAHUA ONTHUYECKON CHCTEMBI IOJApuU3a-
IUOHHOTO TENJI0BU30pa

Konobpodos B. I.

B crathe wmcciemyercs mpesioKeHHBIN MeTOS pacde-
Ta YHEPIeTUIECKOro KO3 UIMEHTa IPOILyCKAHNS OIITHYe-
CKOM CHCTEMBI MOJApu3anuoHHoro tertosnu3opa (IIT) mua
YaCTUYHO TOISPU30BAHHOTO MU3JIyUI€HUs] B 3aABUCUMOCTHA OT
YIJIOBOM OPUEHTALMH HOJIAPU3aTOPa U (PA30BOI LIJIACTUHKY.

OCHOBHOWM XapaKTEpPUCTUKON JIFOOOTO TETIOBU30pa siB-
JISIeTCsl SHEPreTUYIeCKOe Pa3/esieHre, KOTOPOe 3aBUCHT OT
K03 PUIMEHTa TTPOMYCKAHNUST €r0 OTTUYECKON CUCTEMBI.
Onrrueckas cucrema IIT cocrour u3 mocaemoBaTeIbHO
PACIIOIOKEHHBIX HA ONTUYECKHWe OCH MOagpu3aTopa, da-
30BO# TIACTUHKYM U OOBbekTwBa. lVcciemoBama (usmko-
MaTeMaTHIeCKass MOJe/Ib MPeoOpa30oBaHUsS YACTUIHO IT0-
JAAPU30BAHHOTO M3JIy4YeHWd B TaKOW ONTHYECKOH cHucTeme
B 3aBUCHUMOCTH OT ONTUYECKUX DJIEMEHTOB W WX OPUEHTA-
nmuu B mpocTpaHcTBe. Takas MoIesb IO3BOJIAJIA OIIpeIe-
JUTH KO3 DUITHMEHT MPOITyCKAHNS CUCTEMBI <«ITOJISPU3ATOD
- ¢da3oBas TMIACTUHA» B 3aBUCUMOCTH OT YIJIa (¢ ME¥KIY
OIITUYECKUMU OCSIMU TOJIAPU3ATOPaA U (Ha30BOM IITACTHHBHI.

UccnenoBanust 3TOr0 MeToma MOKa3ajIn, 9TO HOPMUPO-
BaHHBIN KO3 (DUIMEHT TPOMYCKAHNS OMITUYIECKON CUCTEMBI

[I7IsI eCTECTBEHHOTO U3/Iy9eHNs He 3aBUCHUT OT YIJIOBOU OpH-
enrammn (azosoit miactuasl u pasex 0,5. s wactudano
TOIIPU30BAHHOTO H3JIyIeHUsT KO3GMMUIMEHT IPOILyCKAHUS
3aBUCUT OT YIJIa (v MAKCHMAaJbHOE 3HauUeHne Ko3bduim-
€HTA MPOIyCKaHWs OyIeT B CiIydae, KOTJa OMTHUYIECKAsT OCh
$a30B0i1 IIJIACTUHBI JIEXKUT B IUIOCKOCTH IIPOILYCKAHUS IIO-
snapusaropa (a=0°). Jysa npon3BoJIbHOI CTENEeHn TOIApH-
3alIMM C yBeJMYEHUEM yria & K03 UIMEHT IPOITyCKAHNUST
yMmenbmaerca. llpu yriae o = 45° xoaddumment mpormy-
ckanud paseH 0,0 ¥ He 3aBUCUT OT CTENEHU IIOJIPU3ALUHU
WCCIIEYEeMOTO M3JLy I€HUs.

s pacuera XapaKTEePUCTUK YaCTUYHO I10JIPU30BAH-
HOTO M3JIyUeHHs C HCIOIb30BaHmeM mapamerpoB CTokca
u3MepsaeTcs UHTEHCUBHOCTD Ha BBIXOJIE ONTHYECKON cucTe-
MBI g7 yrioB « pasabix 0°, 90°, 45° m 135°. s takux
YIVIOB HOPMUPOBAHHBINA KO3()OUIMEHT NpPOIMyCKAHUS It
crenrenn nosigpu3aruu 0,5 pasen 0,75,0,25,0,5 u 0,5 co-
0TBETCTBEHHO. TaKyi0 OCOOEHHOCTH OITHUYIECKON CHCTEMBI
IIT HeoOXOAMMO YYHTHIBATH IPH PACTIETaX TEMIIEPATYp-
HOTO pa3/esieHus U MAKCUMAJIbHON [MaIbHOCTH JefcTBUsS
TEIUIOBU30PA.

Kmouesvie cA06a: TONSPU3ANMOHHBII TEILIIOBU30D; 110~
nsTpr3aTop; (ha3oBast MIACTUHA; SHEPTeTHYecKnit Ko3d du-
IMeHT mporyckanus; BekTop CTokca
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