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Abstract— This paper investigates the possibility of
passive athermalization of objectives for the long-wave
infrared (LWIR) region of the spectrum. The main scientific
problem is the difficulty in designing an athermalized
objectives without the use of aspherical and diffractive
surfaces and with the availability of a limited number of
optical materials. A design methodology is applied, the focus
of which is the use of materials with a negative thermal
coefficient of refractive index and with specific values of the
refractive index and Abbe number. The results obtained
show that the designed objectives are thermally stable in a
wide temperature range and have the ability to work with
medium-format FPA microbolometric arrays.
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1. INTRODUCTION

In can order to fulfill their intended purpose, modern IR
thermal cameras must meet high requirements in terms of
their resolution, sensitivity and reliability when operating
in various environmental conditions. The propagation
medium of the radiation can strongly affect the optical
radiation by generally weakening the optical radiation and
reducing the contrast in the image. Most often, this
environment is the Earth's atmosphere, and its optical
characteristics depend on such factors as pressure,
humidity, and temperature. Modern thermal imaging
cameras must be able to operate with ambient temperature
variations from -40 to +60 degrees. Moreover, the quality
of performance of such IR systems must be stable across
the entire temperature range [1], [2].

When the temperature changes, the design parameters
of the optical system change. As a result, the path of the
rays and the focal length of the lens change, which leads to
an increase in the geometrical spot and a shift of the
focusing plane from the plane of the photoreceiver matrix.
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It is obtained temperature defocusing of the image,
deterioration of image quality, and instability in the
operation of the entire IR system [3], [4].

Temperature defocusing is particularly important for
lenses operating in the LWIR spectrum because optical
materials for the LWIR spectrum have a higher refractive
index n and a higher gradient of the refractive index with

respect to temperature change dn/ de compared to

materials for the visible region of the spectrum [5] - [8]. For
this reason, it is necessary for such lenses to be
athermalized, i.e. to compensate for the influence of
temperature on the stability of its operation. For this reason,
it is necessary for such lenses to be athermalized, i.e. to be
compensated for the influence of temperature on the
stability of its operation.

Several methods exist for athermalizing lenses:

e Passive optical method. It consists of a
suitable selection of optical materials for the
lenses (matched to the housing material) and
subsequent optimization of the optical scheme
[9] - [11]. A separate variation of this method
is the use of diffractive optical elements and
diffractive and aspherical surfaces [12] - [15].
With this method, the lenses construction is
simple, lightweight, and reliable because it has
no additional moving elements. However, it
implies the use of diverse and expensive
optical materials and technologies.

e Passive mechanical method. It consists of
adding to the objective structure several
movable mechanical elements (spacer rings),
which are made of different materials and
have a linear expansion coefficient
respectively greater and smaller than that of
the lenses [2], [5]. Moving these elements
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compensates for thermal defocusing [16] -
[18]. With this method, high focusing
accuracy is possible due to the wide range of
linear expansion coefficients of different
materials. However, the application of this
method leads to an increase in the mass and
dimensions of the lenses, sealing problems
may arise, and their reliability is lower.

e Active electromechanical method. It consists
of adding to the design of the lens an
electromechanical drive system that moves
one or several optical elements longitudinally
[1], [2]. Due to the high accuracy of the
servomotors used, this method is the most
precise for compensating for thermal
defocusing under all existing temperature
gradients [19] - [21]. The need to use
servomotor and moving mechanical elements
determines the complexity, increase in mass
and dimensions, and lower reliability of this
method. This method 1is justified for
application only for complex multi-lens
lenses, in which there is already an integrated
electric drive for moving the components (e.g.
zoom lenses).

A comparison has been made between the different
athermalization methods and the most important
characteristics of the lenses in Table 1.

TABLE | ATHERMALIZATION METHODS

Optical Mechanical Electr‘o
assive assive mechanical
p P active

Constant o o o

FOV y M Y

Variable

FOV no yes yes

Zoom no yes yes

Reliability Very Good Depends —on
good components used

Mass . and Small Medium Big

dimensions

Stability o Very Affected by

external Good oo

. good vibrations

influences

Power supply | no no yes

Price Low Medium High

It can be seen from Table 1 that when designing
compact IR lenses, the passive optical method for
athermalization is the most preferred.

There are known solutions related to the application of
the passive optical method. Most often these are
graphoanalytic solutions. It is proposed in [22] that optical
materials for individual lenses should be chosen so that
their Abbe number v and Thermal glass constant T are
proportional. This method is convenient and suitable in the
presence of a large number of optical materials which to
choose from. With a limited number of optical materials
available, this method is difficult to realising and does not

always lead to result. In [23] - [28], methods for passive
athermalization of lenses are proposed, based on the use of
various nomograms for the selection of suitable optical
materials. For all of them, a graph is drawn, on the axes of
which different combinations of the dependencies between
Abbe number v and Thermal glass constant T for different
optical materials are plotted. Different authors give
different geometric criteria for the correct choice. These are
convenient and relatively simple solutions. Their common
disadvantage is that they give one specific solution and do
not take into account all possible combinations of optical
materials. Furthermore, a solution for a multi-component
optical system cannot be found by this method.

In [29] - [33], lenses for thermal cameras are
considered, the optical scheme of which includes
diffractive optical elements or diffractive and aspherical
surfaces. These are very promising methods that allow the
development of high-quality objectives composed of a
small number of individual lenses, even with a limited
number of optical materials. Their common disadvantage
is that these are technologically more difficult and
expensive solutions. Furthermore, the energy transmission
at the end of the diffractive optical element decreases.

It can be summarized that the issue of correcting
defocusing caused by (arising as a consequence of)
temperature gradients during the operation of IR imaging
devices is a relevant issue, especially in cases of a limited
number of optical materials and without the use of complex
electromechanical moving devices. All of this argues the
development of this work, the goal of which is to design a
passively athermalized LWIR lens for the thermal region
of the spectrum.

II. MATERIALS AND METHODS

A.  Temperature defocusing and conditions of
athermalization

Let the optical system be given with its design
parameters #, ¢, n (Fig. 1). When the temperature changes
by a value of At, they change as follows:

e the refractive indexn; n of the element with

number i becomes n; +dn; =n; + At

L

dn; . .
where B = d—t is thermal coefficient of

refractive index;

FPA+Af FPA
\

Fig. 1. Lens with thermal deformation.
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e the radius r; of the surface with number i
becomes r; + dr; = r; + a;; At, where a;, is
thermal expansion coefficient of lens material;

o the thickness t; of the optical element with
number i becomes t; +dt; = t; + a;, At;

e size of airspase with number i becomes t; +
dt; =t;+ay At , where ay e thermal
expansion coefficient of housing material.

As a result of these changes in the design parameters, a
temperature defocusing Af; occurs, which for a objective
composed of m thin lenses can be determined by the
expression:

m o
Af, = —f (thpﬂ(bl + aH)At (1)
where:
f is the focal length of the entire objective;
¢; is the optical power of the element with
number i, i =1+ m;
e ¢ is the optical power of the entire objective;

dan;
/‘it — ay, is thermal glass constant.

° Ti = -

An IR lens, in addition to being athermalized, must
have constant optical power and small chromatic
aberrations in the working spectral range. In such a case,
the condition for athermalization can be written as:

Gt P+t =9
ﬂ_}_&_}_“'_}_d)_m: (2)

V1 V2 Ym

Ty + Topy + -+ Tnpy = —ayd

where: v; is the Abbe number in the spectral range
(8 + 12) um of the lens with number i, i =1+ m.

B.  Optical materials and photoreceivers for LWIR
range of the spectrum
There are a relatively limited number of optical

materials that are transparent in the infrared spectrum. They
can be classified into three groups:

* infrared semiconductor crystals and optical ceramics
— Ge, Si, GaAs, ZnSe, ZnS etc.;

+ chalcogenide glasses — Amtir, Gasir, IRG, IKS, IG
etc.;

+ alkali metal halides —e.g. KRS-5, AgCl, CsBr, NaCl,
KBr, Csl etc.

For correcting temperature aberrations, the most
important meaning are the temperature and optical
characteristics of optical and non-optical materials: thermal
glass constant T; ; thermal coefficient of refractive index
; thermal expansion coefficient «;, , thermal expansion
coefficient of housing material a.

The analysis of IR materials shows that the coefficient
a;, varies from 5 [K™'] for GaAs to 61 [K™'] for KRSS5. The

B coefficient varies from -236 [K™'] for GaAs to 396 [K'!]
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for KRSS [2], [4], [6], [11]. These high values of a;, and

B imply high and unacceptable values of the temperature
defocusing in non-thermalized lenses. There is a group of
IR materials with a negative value of f coefficient. This
means that when the temperature changes, the refractive
index will change in the opposite direction compared to the
change in the physical parameters of the corresponding
optical element. In such a case, it is possible to design a
lens in which the temperature defocusing caused by the
change in the radii and thicknesses of the optical elements
will be compensated by an opposing temperature
defocusing caused by the change in the refractive index of
the material. Thermal expansion coefficient of the most
common housing materials changes from 1,3.10° [K™'] for
Invar to 23,6.10 [K-'] for Aluminum.

The dimensional characteristics of the lens (focal length
and angular field) depend on the physical dimensions of the
photoreceivers used. Furthermore, image quality
requirements depend on the pixel size of the photoreceiver.
Modern uncooled microbolometric matrix have a format
from 120 % 160 to 768 x 1024 pixels and a pixel size 17
pm or 25 pm.

C. Passively athermalized lens design methodology

Passive athermalization of a lens implies the selection
of optical materials in which temperature defocusing is
minimized and the resulting deterioration in image quality
is permissible. Optical path difference (OPD) is used as a
criterion for evaluating the quality of the lens. The change
in temperature by At causes change in OPD, which is
determined by the expression

Tfr

AOPD = — s

At 3)

The Strehl ratio for diffraction limited lenses should be
Str.> 0,8 and then according to the Marechal criterion

AOPD < 0,071 @)

Good athermalization of a lens in the LWIR range of
the spectrum will be obtained when using a combination
of the following types of optical materials:

e materials with both a high refractive index
and a high Abbe number;

e materials with § < 0

e materials with low Abbe number.

The analysis conducted so far allows us to propose the
following methodology for selecting materials for passive
athermalization of a refractive objective (Fig. 2). It is
possible to achieve good athermalization with 3 lenses
(triplet) for relatively simpler optical systems. If to the
objective has higher requirements for its geometric and
energy resolution and 3 lenses are not sufficient to correct
its field aberrations, then additional lenses need to be
added to correct them.
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n, >3
¢, >0
B, <0 v, < 100
¢, >0 ¢, <0
v; < 100 B; <0
¢; <0 ¢;>0
v, < 100 n, >3 3 lens
¢, <0 ¢, >0 solution

Bs <0 ng >3 4 lens
¢s >0 s >0 solution
\ 4
ng >3 5 lens
¢ >0 solution
6 lens
solution

Fig. 2. Block diagram for selection of materials for passive

athermalization of an IR lens.

For objective of 3-lens.

For a obj

The first lens is positive and made of a
material with a higher refractive index.

The second lens is negative and made of a
material with a low Abbe number.

The third lens is positive and is made of a
material with 8 < 0.

ective of more than 3 lenses.

The first lens is positive and made of a
material with a higher refractive index.

The second lens is positive and made of a
material with 8 < 0.

The third lens is negative and is made of a
material with a relatively lower Abbe number.
The fourth lens can be positive or negative. If
it is positive, it is made of a material with a
high refractive index. If it is negative, it is
made of a material with a relatively lower
Abbe number.

The fifth lens is positive and is made of a
material with § <0 or a material with a
higher refractive index.

The sixth lens is positive and is made of a
material with a high refractive index.

Lenses with high optical power must be made
of a material in which the influence on the
temperature defocusing of the B coefficient is
greater.

In the proposed methodology, the second and third
lenses work as optical compensators of temperature
deformation. The second lens — at the expense of the
negative value of the coefficient 8, and the third lens — at
the expense of the negative optical power. The other lenses
serve to maintain the set focal length f and to fulfil the
condition for image quality.

Lens variants are shown for which the selection of
materials was made according to the proposed
methodology in Table 2.

TABLE 2 ATHERMALIZED LENS VARIANTS

Lenses and optical Optical Optical system
materials powers lflyout
GaaSe/KRSS -

GRS S/ZaSe/Ge HA

CoRaIKRS S/Zs5/CaAs HHE
é?ﬁﬁAgCl/ZnS/ZnS/GaAs HH-

Table 3 shows the optical and thermo-optical
characteristics of the materials used.

1.

The dimensional characteristics of the lens were
determined: 60 mm, focal length F/1.2 and angular field 8°.
Using the methodology proposed in item II, five athermal
objectives consisting of 3, 4 and 5 lenses were designed.
All lenses are spherical and have no diffractive surfaces.
The housing material is aluminum. Optics software for
layout and optimization OSLO was used and the lenses
were optimized using the Marechal criterion for the root
mean square of the wave aberration. To evaluate the image
quality of the designed lenses, the root mean square of
OPDgys was determined within the entire field of view
using the expression

__|x*,(oPD;—0PD)?
OPDgpys = /—m—l
where:

- OPD; is the optical path difference between the oft-
axial ray number i and the axial ray;

-OPD is the arithmetic mean of the optical path
difference between the off-axis rays and the on-axis ray; the
optical power of the element i, i = 1 + m,;

-m is the number of off-axis rays.

RESULTS AND DISCUSSION

&)
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TABLE 3 OPTICAL AND THERMO-OPTICAL CHARACTERISTICS OF THE
MATERIALS USED

Thermal Thermal
n, Abbe | refractive expansion
IR . .
Materials | VT8¢ number |index coefficient
value v coefficient .10,
B.10° [K'] K]
lens materials
Ge 4,02 869,13 398,3 5,7
GaAs 3,29 108,09 | 186 5
ZnSe 2,42 57,18 61,6 7,1
ZnS 2,24 25,46 40,3 6,6
KRS-5 2,37 164,90 | -236 61
AgCl 1,98 168,5 -61 32,4
CsBr 1,66 132,6 -78.4 47.2
housing materials
Aluminum | housing material I 23,6

Table 4 shows the values of OPDgys the designed
lenses. As can be seen, all lenses except Lensl fulfil
condition (1). The reason for this is that Lens] is a lens
composed of 3 lenses, the materials of which are such that
the temperature defocusing is minimal. Due to the small
number of variable parameters, simultaneous correction of
temperature and field aberrations for the entire field of
view is not possible. All other lenses are composed of
more lenses (3 or 4). They are athermalized and their
image quality is close to diffraction.

TABLE 4 ANALYSIS ON THE DESIGNED LENSES

Ensquared Energy
(25x25) pm, %
Lenses OPDrys |01 axis/full field

Temperature, °C

40 | 20 [ 40 | 60
Lens 1 29 |54 [ 63| 72
Ge/ZnSe/KRS5 00744 1 ¢ |3 | 10 | 12
Lens 2 75 | 77 | 80 | 81
Ge/KRS5/ZnSe/Ge 00654 | ¢4 |67 | 75 | 75
Lens 3 67 (70 [ 77|77
GaAs/KRS5/ZnS/GaAs 00724 1 75 |76 | 713 | 71
Lens 4 oosel |38 |37 [ 5736
GaAs/AgCl/ZnS/ZnS/GaAs | 59 |59 | 58] 58

To assess the degree of correction of the temperature
defocusing, the energy concentration function and the
Modulation Transfer Function (MTF) of the lenses at
different operating temperatures and angular fields were
used. Fig. 3 shows the MTF graphs of the designed lenses
for four temperatures (—40,—20,+40,+60)°C . The
maximum spatial frequency for which the MTF is
determined is20 mm™*, which corresponds to the Nyquist
frequency for a microbolometric matrix with a pixel size
of 25um . Table 4 shows the values of the energy
concentration in a square of size (25x25)um for these 4
operating temperatures.
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Fig. 3. MTF of lenses for different temperatures.

From Table 4 it can be seen that:

e for all lenses (except Lens 1) the energy
concentration on the pixel of the
microbolometric matrix is high — from about
50% to slightly over 70%;

e for all lenses the energy concentration is
relatively constant for all operating
temperatures;

e the operation of Lens 4 from the point of view
of temperature change is the most stable,
because in it the energy concentration is
constant both with temperature change and
for the entire field of view (deviations no
more than 3%).

From Fig. 3 it can be seen that the MTF for the Nyquist
frequency of most lenses is between 0.5 and 0.6, which
means that they are diffraction-limited systems. The
exceptions are Lens 1 for off-axis rays and partially Lens
4. The MTF of the lenses for different temperatures are
very close, which indicates their high degree of
athermalization.

The results obtained allow the use of the designed
lenses with medium format microbolometric matrix at
temperatures from -40 to +60 degrees.

IV. CONCLUSIONS

The influence of temperature on the design and optical
parameters of IR lenses has been analyzed. The conditions
for correcting the temperature defocusing have been
formulated.

A methodology for the design of a passively
athermalized LWIR objective has been developed. The
essence of the methodology is the use of optical materials
with different values of the refractive index and Abbe
number. A mandatory condition is that at least one of the

materials has a negative thermal coefficient of refractive
index, i.e., it must be an alkali halide.

Optical schemes have been developed and the optical
powers of objectives with 3, 4 and 5 lenses have been
determined. Athermal diffraction-limited objectives for the
LWIR region of the spectrum have been designed, which
have subsequently been optimized using the Marechal
criterion. The image quality has been assessed by the root-
mean-square value of the OPD. The degree of correction of
the temperature defocus has been assessed using the energy
concentration function and MTF.

It has been found that an objective composed of 3 lenses
cannot be simultaneously athermalized and meet the
requirements for image quality over the entire field of view.
The objectives with 4 and 5 lenses are diffraction-limited
and athermalized over the entire field of view. They have
stable characteristics when working with FPA
microbolometric matrix with a pixel size of (25x25)um
and a format of (320x240).
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