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This study discusses the influence of temperature on infrared optical system and introduced
the principle and method of non-thermal design. Based on the requirements of orbital thermal
environment and technical indexes of a space-based infrared imaging system, this study
conducts the thermal environment adaptability design of an imaging system. The non-
thermal design of the optical system is carried out by combining active and passive methods,
and thermal design and thermal analysis are carried out for the thermal environment of space
orbit in which the system works. Finally, the final imaging system is validated by the thermal

imaging experiment. The experimental results show that the system can eliminate the
influence of temperature change on image quality in the temperature range of -20 ~ + 50 C,
and can adapt to the thermal environment of space orbit. The imaging quality can meet the
application requirements under different temperature conditions.

1. INTRODUCTION

With the development of infrared technology, the
requirements of infrared imaging system for thermal
environment adaptability becomes higher and higher. In
particular, satellite-borne, missile-borne and airborne infrared
systems are often required to operate in a large temperature
range. Under different temperature conditions, due to the
thermal effect of optical materials and mechanical materials,
some parameters of the optical system change
correspondingly, and then the optimal image plane of the
system deviates, and the image quality is reduced to blurred
image and lower contrast, which finally affect the
performance of the infrared imaging system.

In order to improve the environmental adaptability of the
system, the optical system is usually required to maintain
good imaging quality in a wide temperature range during the
design of the optical and mechanical system. With the change
of temperature, the refractive index of the optical materials,
the size and the surface shape of the optical elements will
change [1], which will cause defocus and other aberrations of
the optical system, leading to poor imaging quality.
Compared with visible optical materials, infrared optical
materials have high refractive index temperature variation
coefficient, so the influence of temperature variation on the
performance of infrared optical system is more serious [2].
Therefore, in order to ensure the stable operation of the
infrared optical system in a wide temperature range, it is
necessary to eliminate the influence of temperature on the
infrared optical system, that’s, non-thermal design of infrared
optical system.

For the space-based infrared imaging system, its
environment is complex, and the space vacuum environment
cannot carry out convection heat dissipation, so when the sun
directly illuminates the remote sensor, its temperature can
reach above 100°C if not protected; when the spacecraft
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enters the shadow zone, the temperature will be lower than -
100°C. Obviously, it’s a fatal impact of such a large
temperature difference on the space-based infrared imaging
system. Therefore, it is required to control the working
temperature of the space-based infrared imaging system
within the temperature range in which it can work normally
by thermal control means.

This study firstly introduces the influence of temperature
on infrared optical system and then the principle and method
of non-thermal design. Based on the requirements of orbital
thermal environment and technical indexes of a space-based
infrared imaging system, this study conducts the thermal
environment adaptability design of an imaging system. The
non-thermal design of the optical system is carried out by
combining active and passive methods, and thermal design
and thermal analysis are carried out for the thermal
environment of space orbit in which the system works.
Finally, the final imaging system is validated by the thermal
imaging experiment. The experimental results show that the
system can eliminate the influence of temperature change on
image quality in the temperature range of -20~+50°C, and
can adapt to the thermal environment of space orbit. The
imaging quality can meet the application requirements under
different temperature conditions.

2. INFLUENCE OF TEMPERATURE ON INFRARED
OPTICAL SYSTEM

2.1 The refractive index of optical elements varies with
temperature

The refractive index of the optical materials varies with
temperature, which changes the focal length of the lens or
optical system. The temperature coefficient of infrared
optical materials is much larger than that of ordinary optical



glass, for example, the typical value dn/dt of germanium
monocrystalline is about 396 x 1076°C™" | while the
temperature coefficient of K9 glass is only 2.8 x 1076°C ™",
Therefore, the influence of temperature on refractive index is
particularly obvious in infrared system [3].

2.2 Radius of curvature and center thickness of optical
elements vary with temperature

This is caused by expanding with heat and contracting with
cold of the component materials, which is related to the linear
expansion coefficient ay of the optical materials. When the
temperature changes, the radius of curvature and the central
thickness of the optical element become:

D'=D+dD=D+D - a, - dT (1)

R'=R+dR=R+R-a,-dT (2)
where, R, D and R', D' are curvature radius and central
thickness before and after temperature change, respectively.
and dT is temperature change.

2.3 Thermal effect of the supporting structure materials

As the temperature changes, the size of the supporting
structure will also change, which will cause a change in the
spacing of the optical elements, and thereby affect the
imaging quality. This is related to the linear expansion
coefficient of the supporting structure materials. When the
temperature changes, the length of the lens tube material
changes as follows:
L'=L+dL=L+L-a,-dT 3)
where, L and L' are the length of the supporting structure

before and after the temperature change. and dT is
temperature change.

3. METHOD OF NON-THERMAL DESIGN

According to the research reports both at home and abroad,
there are three methods to carry out non-thermal design of
infrared optical system: mechanical passive, electronic active
and optical passive [4-10].

3.1 Mechanical passive

Mechanical passive is to enable one or a group of lenses to
generate axial displacement by the use of temperature-
sensitive mechanical materials or memory alloys, so as to
compensate for the image plane displacement caused by the
temperature changes. This method needs to calculate the
position of the optimal image plane at different temperature
and compensate the displacement of the optimal image plane
by different amount of metal expansion according to the
displacement of the optimal phase plane. The method cannot
correct the aberration imbalance caused by thermal effect.
Even it can compensate the movement of the optimal image
plane, it is difficult to maintain the original image quality.
This method additionally adds mechanical compensation
components so that the volume of the system becomes larger
and the mass increases.
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3.2 Electronic active

The electronic active uses the temperature sensor to detect
the temperature change, then calculates the image plane
displacement caused by the temperature change, and drives
the lens to generate the axial displacement by virtue of
electric machinery to achieve the compensation effect. This
method adopts a large number of temperature sensors, so as
to process the gradient change of the system’s temperature,
and accurately solve the relation between the temperature and
the image plane displacement.

3.3 Optical passive

In brief, the optical passive non-thermal design is to utilize
the difference between the thermal characteristics of optical
materials, eliminate the influence of temperature through
reasonable combination of different characteristic materials,
and reasonably match the optical power distribution scheme
of the materials, so that the defocus of the optical system
resulting from the change in temperature offsets the defocus
of the the mechanical tube resulting from expanding with
heat and contracting with cold, realizing the purpose of
automatic temperature compensation. Strictly speaking, the
non-thermal design of the optical system needs to meet the
requirements of thermal elimination, achromatic aberration
and optical power [9-22].

The optical power changes caused by the dispersion of the
optical elements in different spectral sections of the optical
system are as follows:

A, = Gp)” T (hP e 9) (4)

where, h; is the paraxial ray projection height of the ith lens,
@; is lens optical power and w; is dispersion factor.

The change in focal length of the optical system caused by
the change in temperature of the optical element is:

Ay = ) J (R agox ®)dT )

where, ¥, is normalized thermal differential system and y;
dn
n-1

The non-thermal design must meet the requirements of
focal power, correction of chromatic aberration and
athermalization, that’s, the system must satisfy the following

non-thermal equation:

— Qgj, Ogj is linear expansion coefficient of the lens.

0= -ZEiho (©)
Bfe = Gop)* Shaa(hfw @) = 0 (M
My = (5% [ (hfagixi0:) T = anl ()

where, oy, is linear expansion coefficient of system structural
element material and L is the length of the system structure.
With the above calculation, the system paraxial relation that
satisfies the requirement of non-thermal optical system can
be obtained, and the initial structure of the optical system can
be obtained by matching the material of the lens tube and the
material of the transmission element.



4. THERMAL ENVIRONMENT ADAPTABILITY
DESIGN OF INFRARED IMAGING SYSTEM

4.1 Optical design index and input condition

(1) Working wavelength: 3.7um~4.8um.

(2) Focal length: 884mm.

(3) Relative aperture: 1:4.

(4) Instantaneous field of view: 0.9630.76<

(5) Type of orbit: Sun-synchronous orbit (Orbit height:
400km);

(6) Spacecraft temperature environment: -20°C~+50°C.

4.2 Optical system design

The optical system is divided into afocal optical path and
imaging optical path with parallel optical path as the
boundary. In order to balance the aberration sufficiently, the
optical system design adopts the design idea of active and
passive non-thermal technology, that’s, the afocal optical
path adopts the passive non-thermal design, and the imaging
optical path adopts the focusing mode to realize the active
non-thermal. The afocal optical path consists of the primary
mirror, the secondary mirror and the collimating lens, and the
imaging optical path consists of focusing lenses and the relay
lenses. The basic imaging principle of the optical system is
that the target heat radiation reaches the primary mirror,
reflects the first image plane through the primary mirror and
the secondary mirror and then passes through the collimating
lens to form the condensed parallel light with the exit pupil.
The condensed parallel light passes through the focusing
group and then the relay lenses to reach the detector. As
shown in Figure 1 for the structure of optical path, all optical
elements of the optical path after the collimating lens are
arranged on the optics bench which is on the back of the
primary mirror.

afocal optical path

primary mirror

imaging optical path

collimating lens focusing lens

Figure 1. Optical system structure
4.2.1 Afocal optical path design

Technical index of the afocal optical path implemented as
follows:

(1) Angular magnification: -10

(2) Entrance pupil diameter: ®221mm.

(3) Object-wide field of view: 1.050.95<
(4) Distortion: less than 0.023%.

The field curvature and distortion curves of the afocal
optical path are shown in Figure 2; the optical transfer
function curve is shown in Figure 3 (central shading is not
taken into account), the image-side corresponding Nyquist
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frequency is 1.86lp/mrad, and
diffraction limit.

the imaging quality is
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Figure 2. Field curvature and distortion curves of the afocal
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Figure 3. Optical transfer function curve of the afocal optical
path

4.2.2 Joint design of imaging optical path and afocal optical
path
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Figure 4. Field curvature and distortion curves of the joint
design of the two optical paths
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Figure 6. Optical transfer function curve of the joint design
of the two optical paths

The imaging optical path is completed on the basis of the
afocal optical path design, and the technical indexes are
realized after the joint design of the two optical paths as
follows:

(1) Focal length: 884mm.

(2) Relative aperture: 1:4.

(3) Object-wide field of view: 0.960.76<

(4) Spectral range: 3.7um~4.8um.

(5) Distortion: 3.3%.

The field curvature and distortion curves of the joint
design of the two optical paths are shown in Figure 4; the
energy concentration curve is shown in Figure 5; as shown in
Figure 6 for the optical transfer function curve, the image-
side corresponding Nyquist frequency is 21 Ip/mrad, and the
system design reaches the diffraction limit.

4.3 Influence of non-thermal design on focusing quantity

In order to balance the aberration sufficiently, the optical
system design adopts the design idea of the combination of
the active and passive non-thermal technology, that’s, the
afocal optical path adopts the passive non-thermal design,
and the imaging optical path adopts the focusing mode to
realize the active non-thermal. This section will give the
influence of passive non-thermal design of afocal optical path
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on the active non-thermal design of the imaging optical path,
that’s, the influence on the focusing amount.

When the temperature of the optical system changes, the
radius, space, thickness and refractive index of each plane
will change, so that the image plane will defocus. If the
defocus amount exceeds the focal depth range, the imaging
quality of the system will inevitably be seriously influenced,
so the system needs to be focused. In the initial scheme, the
primary and secondary mirrors and the support of primary
and secondary mirrors in the afocal optical path are made of
aluminum alloy. The system is analyzed according to the
material selection and design model of the optical machine
system. Table 1 shows the defocus amount and the
movement amount of the focusing group at different
temperatures.

Table 1. Movement amount of the focusing group at
different temperatures

Temperature ., 16 15 20 25 30 40 60
(C)

Focusing ¢4 .025.0.12-0.05 0 0.06 0.15 028 0.54

quantity(mm)

Defocusing 5551 (10 0.04 0 -0.07-0.12-023 -045
amount(mm)

The focal depth of the optical system is £0.13mm. It can
be seen from Table 1 that when the temperature change is +
10 °C, the focusing amount is within the focal depth and
needs no focusing. When the temperature is larger than this
temperature range, the focusing amount is the largest of
0.64mm.

By optimizing the linear expansion coefficient of the
supporting structure of the secondary mirror, the passive non-
thermal design of the afocal optical path can be realized to
some extent. In particular, with the initial structure as the
basis and the linear expansion coefficient of supporting
material of the secondary mirror as a variable, the material
selection and size parameters of the collimating lens are
jointly calculated to obtain that the temperature adaptability
of the afocal optical path can be improved when the
secondary mirror supporting material is copper alloy.

The temperature defocus of the entire optical system is
recalculated according to the modified structural material,
with the results shown in Table 2. It can be seen that when
the temperature variation of the optical system is within & 20
‘C after the non-thermal design, the defocus amount does not
exceed the depth of focus, and the maximum focusing
amount is 0.26mm, indicating that the environmental
adaptability of the system is improved greatly. After the non-
thermal design, the optical transfer function of the afocal
optical path at -30°C and + 60°C is as shown in Figure 7. It
can be seen that the afocal optical path after the non-thermal
has the imaging quality of diffraction limit in a wide
temperature range.

Table 2. A focus amount at different temperatures after
optimization of the system

Temperature('C) -30 -10 0 10 20 30 40 60
Defocusing —_, »c 16 20,11 -0.05 0 -0.05 -0.11 -0.22
amount(mm)




. 75 9.5500. 0.4980 DEG

MODULUS OF THE OTF
= =8

L '
1.488 1674

MR

s L
1116 1.0
CYCLES PER

L " N L
LB ord 0.558 [l a9
ANGULAR FREQUENCY IN

L
L] LAY 1.8

POLYCHROMATIC DIFFRACTION MTF

FRI APRE 4 2814
DATA FOR 4.2000 TO 4.2000 pm,
SURFACE: IMAGE

AFOCAHAL _1 . ZMx
CONFIGURATION 2 OF S

(a) System’s environment temperature is -30°C

15 9.5540, 0.0000 [EG 15 9.5500, 0.2%0 CEG 15 @.5508, B.4598 0EG
A . 0.0888 DEC 5 B, bER0, 8.2188 OEG 15 88080, 8,900 [EG
T5 @.2709, ©.0000 DEG | T5 @.2780, 8.2400 DEG | 15 0.2780, B.1980 DEG ||
L
T T T

18 I.' T
|

[N

a7 Bl

s - -

0.3 - -

MODULUS OF THE OTF

0.2 - —

a1 - -

L L L 1 L L 1 '
B.372 8,558 o7 0.93 1118 1.382 1% L.674
ANGULAR FREQUEMCY IM CYCLES PER MR

1
L] 0186

POLYCHROMATIC DIFFRACTION MTF

FRI APR 4 2814
DATA FOR 4.2000 TO 4.200@ pm,
SURFACE: IMAGE

AFOCAL _ 1 . ZMx
CONFIGURATION S OF S

(b) System’s environment temperature is +60°C

Figure 7. Optical transfer function of afocal optical path with
a non-thermal design

4.4 Design and analysis of thermal control
4.4.1 Design input and temperature control index

The space-based infrared imaging system in this study
works in the 400km sun-synchronous orbit, ascending node
time is 18:00, its body is installed in the satellite platform
cabin, and the lens is installed with heat dissipation tube
outside the cabin to observe the earth. The temperature in the
cabin is controlled by the satellite platform at -20 C ~ +
50 C.

In order to obtain better imaging effect, active thermal
control and passive thermal control are used to control the
whole temperature level of infrared imaging system at 0~30°
and the temperature difference of primary and secondary
mirrors at 4°C.

4.4.2 Thermal control design

In this study, active thermal control and passive thermal
control are used in thermal control design.

Passive thermal control measures are introduced as
follows: the outer surface of infrared imaging system is
coated with multi-layer insulating material; the mounting
point of the satellite platform is installed with a 10 mm
polyimide thermal pad; the surface of the optical system
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mounting substrate is subject to black anodic oxidation
treatment; heat dissipation tube and its surrounding, back of
secondary mirror, secondary mirror support and external
frame use ITO polyimide secondary surface mirror, and the
other multi-layers all use 25p double-sided aluminized film
as mask; the devices with high power consumption should be
installed with the optics bench for thermal conduction, heat
conduction path should be reasonable planed, the heat
conduction installation of the imaging unit and the
refrigerator is shown in Figure 8, in which the working heat
consumption of the imaging unit is conducted to the optics
bench through the mounting bracket, the refrigerator is
conducted to the optics bench through the heat conduction
filler, both of which are finally conducted out through a heat
dissipation tube installed with thermal conduct of optics
bench; thermally conductive and installed with the optics
bench; thermal cover and the optics bench mounting surface
are coated with thermal grease.

imaging unit

support setting

optics bench

#

(b) Heat conduction of refrigerator

Figure 8. Heat conduction installation of the imaging unit
and the refrigerator with optics bench

Based on the passive thermal control measures, the active
thermal control design is introduced as follows: in the
infrared image system, three active heating circuits are set,
and the positions of the heating circuits are respectively at
heat dissipation cover, secondary mirror and its supporting
setting, and the protection rear cover of imaging optical path,
as shown in Figure 9; three active heating temperature
control points are set in close-circuit, using MF501
thermistor for temperature measurement, 3-path temperature
control point positions: the back of the primary mirror, the
back of the secondary mirror, and the outside of heat
dissipation tube.
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Figure 9. Position of active thermal control heating circuit
4.4.3 Thermal analysis

According to the thermal design scheme in 4.4.2, and in
combination with the product model and orbit parameters,
thermal analysis of the product under extreme high
temperature conditions and extreme low temperature
conditions is carried out. The analytic results are shown in
Figures 10 and 11.
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Figure 10. Simulative analysis results of extremely high
temperature conditions
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Figure 11. Simulative analysis results of extremely low
temperature condition

From Figure 10, it can be seen that the temperature of the
primary mirror fluctuates in the range of 20.0°C to 23.2°C
when the extremely high temperature condition is finally
balanced; the temperature of the secondary mirror fluctuates
from 16.8°C to 19.8°C; due to the influence of external heat
flow, the temperature of heat dissipation cover is
15.5°C~21.9°C. The temperature difference between the
primary mirror and the secondary mirror shall not exceed
3.5°C from the beginning of temperature rise to final
equilibrium. It can be seen from Figure 11 that at the final
equilibrium of the extremely low temperature condition, the
primary mirror temperature is about 7°C, the secondary
mirror temperature is about 8°C, and the heat dissipation
cover temperature is about 6°C. From the beginning of
temperature rise to final equilibrium, the temperature
difference between the primary mirror and the secondary
mirror shall always not exceed 2.5°C, and after equilibrium,
the temperature difference between the primary and
secondary mirrors shall be about 1°C. In summary, the
results of thermal analysis meet the requirements of thermal
control design.

5. EXPERIMENT VERIFICATION

The designed infrared imaging system and other
components of the system are tested for high and low
temperature imaging. An independent cabinet is designed to
simulate the installation cabin of the equipment on the orbit.
The internal temperature of the cabinet simulates the thermal
boundary condition on the orbit, i.e. the temperature
condition of -20~+50°C. The thermal imaging experiment
site of the system is shown in Figure 12.

-

i

_—
——
. ” ‘_
-\,

Figure 12. Thermal imaging experiment site of the system



During the experiment, the target is imaged under the
conditions of low temperature and high temperature
respectively. Before imaging, the system is held at the
temperature point for two hours, then the system is turned on
for imaging, and the collected image is shown in Figure 13.
Through thermal imaging experiment, the rationality and
effectiveness of optical design, non-thermal design and
thermal control design of infrared imaging system are
verified in this study.

() Imaging at -20°C

(b) Imaging at +20°C

(c) Imaging at +50°C

Figure 13. Imaging effect of different temperatures

6. CONCLUSIONS

This study discusses the influence of temperature on
infrared optical system and introduces the principle and
method of non-thermal design. Based on the requirements of
orbital thermal environment and technical indexes of a space-
based infrared imaging system, this study conducts the
thermal environment adaptability design of an imaging
system. The non-thermal design of the optical system is
carried out by combining active and passive methods, and
thermal design and thermal analysis are carried out for the
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thermal environment of space orbit in which the system
works. Finally, the final imaging system is validated by the
thermal imaging experiment. The experimental results show
that the system can eliminate the influence of temperature
change on image quality in the temperature range of -20~+
50°C, and can adapt to the thermal environment of space
orbit. The imaging quality can meet the application
requirements under different temperature conditions.
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