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Table 1 Design indexes of infrared optical system
Parameter Index
Working waveband /pm 3.7-4.8 & 8-12
Field of view /(*) 20="6
Focal length /mm 100
F-number 1.25
Entrance pupil aperture /mm 80
Working temperature /°C —40-60

=0.7at3.7-4.8 ym

MTF@17 Ip/mm
P =0.5 at 8-12 pm
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Table 2 Parameters of infrared detector

Parameter Index

Number of pixel arrays 320X 256

Pixel size /pm 30
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Table 3 Structure parameters of optical system

Radius /  Thickness /

Surface type Material
mm mm
0  Object  Standard Infinity Infinity
1 Aper Evenasphere 113.6792  15.0000 IRG24
2 Aper Binary?2 194. 8166 0.0100
3 Aper Binary?2 194.8166  12.0000 ZnS
4 Aper Evenasphere 179.3315  63.0249
5 Aper Evenasphere 55.8001 12. 0000 IRG24
6  Aper Evenasphere 60.7549 10. 3434
7 Aper Standard Infinity 1. 0000 Ge
8  Aper Standard Infinity 1. 0000
9  Stop Standard Infinity 23.0366
10 Image Standard
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Table 4 Parameters of asphere surface

Surface Conic 4™ order term /10’ 6" order term /10 " 8" order term /10 "
1 —1.1254 3. 9686 9.7056 —2.4245
4 —3.9501 —36. 377 38.322 —7.9693
5 2.7720 1522. 1 1312.7 1470. 7
6 6.9708 3470.9 2595.8 18225
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Table 5 Parameters of diffraction surface

Diffraction Norm  Coefficient Coefficient
Surface . ) ,
order radius ra P

2 41 and 17 100 —362.5192 —328.3769

3 —40 and — 16 100 —362.5192 —328. 3769
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Table 6 Maximum GEO and RMS radius of spot diagram

in all fields of view at different temperatures

Radius of medium Radius of long

Temperature /°C wave /pm wave /pm

GEO RMS GEO RMS

—40 14.619 7.112 14. 585 5.924

—20 14. 246 7.111 14.736 6.017

0 14.021 7.189 14.776 6.202

20 12.913 7.664 14.727 7.553

40 13.900 7.841 14. 608 7.684

60 13.966 8.043 14. 430 7.844
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Athermalization Design of Cooled Refractive-Diffractive Hybrid Dual-Band

Infrared Optical System

Nie Huaile, Mao Shan', Zhao Jianlin
Key Laboratory of Light Field Regulation and Information Perception, Ministry of Industry and Information

Technology, School of Physical Science and Technology, Northwestern Polytechnical University, Xi'an 710129,

Shaanxi, China

Abstract

Objective

Based on the special imaging properties of diffractive optical elements (DOEs), the design of refractive-

diffractive hybrid imaging optical systems has become a hotspot. Since infrared optical materials are rare, especially in dual

bands or even multiple bands, available infrared materials are even rarer. Then, DOEs in these systems are necessary for

color and thermal aberration correction among their special imaging properties, which can improve image quality, optimize

the structure, and reduce the cost of infrared optical systems. Compared with the single-layer DOE, the double-layer DOE

can greatly improve the diffractive efficiency of the wide waveband, which promotes the development and application of
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refractive-diffractive hybrid optical systems. In addition, most infrared optical systems designed in the existing references
are uncooled. However, the uncooled infrared optical system has low cold stop efficiency, and its imaging can be easily
disturbed by the background noise. In contrast, the cooled infrared optical system is matched with the cooled detector and
has high detection sensitivity, which can guarantee a cold stop efficiency of 100%. Therefore, it is necessary to design a
cooled dual-band infrared imaging optical system. We hope that our design and results can be helpful for dual- or multi-

band infrared imaging optical systems, especially for their application in a wide ambient temperature range.

Methods In order to ensure the high diffraction efficiency of a double-layer DOE caused by ambient temperature change,
the optical thermal expansion coefficient of substrate materials should be reasonably selected. After comparing different
infrared optical materials, we select chalcogenide glass (IRG24) and zinc sulfide (ZnS) as double-layer DOE substrate
materials based on the bandwidth integral average diffraction efficiency (BIADE) maximization design and Matlab software
simulation. Then, optimal design wavelengths are selected, and the corresponding micro-structure heights and diffraction
orders are calculated. Finally, based on the Zemax OpticStudio software, a cooled refractive-diffractive hybrid dual-band
infrared optical imaging system with a double-layer DOE is designed, and the thermal and color aberrations corrected in
dual-band infrared range and wide ambient temperature range are realized. The optimal optical system consists of three
refractive lenses and a double-layer DOE on two surfaces, which can be achieved in both mid- and long-band infrared range

and the ambient temperature range of —40-60 °C.

Results and Discussions First, we select IRG24 and ZnS as the substrate materials of the double-layer DOE and
calculate its diffraction efficiency by Matlab software (Fig. 5 and Fig. 6), where the comprehensive BIADE is 99. 04 % for
the dual-band, and the diffraction efficiency is almost unchanged when the temperature varies within the wide ambient
temperature range. Then, Zemax OpticStudio software is applied to optimize this cooled dual-band infrared optical
system. The optical system consists of three lenses. The material of the first and third lenses from left to right is IRG24,
and that of the second lens is ZnS. The double-layer DOE is on the back surface of the first lens and the front surface of the
second lens (Fig. 6), respectively. Finally, the image quality is evaluated. The modulation transfer functions (MTFs) for
mid- and long-band infrared are greater than 0.78 and 0.59 respectively at different temperatures (Fig. 9). The field
curvature is less than 0. 1 mm, and the distortion is less than 0.12% in different temperatures and bands (Fig. 10). The
square encirclement energy of mid- and long-infrared bands in each field of view is greater than 90.7% and 81.1%

respectively (Fig. 11).

Conclusions In this study, based on the BIADE maximization method with average weight distribution in dual bands, a
cooled refractive-diffractive hybrid dual-band infrared optical system is designed by using IRG24 and ZnS as the substrate
materials of the double-layer DOE. The optimal design wavelengths for the double-layer DOE are 4.23 pm and
10. 315 pm, and the diffraction efficiency is 99. 35% and 98. 73 % respectively for BIADE. The comprehensive BIADE is
99.04% in infrared dual bands (3.7-4.8 pm and 8.0-12.0 pm). The MTFs, field curvature, distortion, and square
encirclement energy all meet the design requirements of the dual bands and wide ambient temperature range. The optical
system has the advantages of a simple structure, fewer material types, low cost, high efficiency of cold stop, high
diffraction efficiency, and no thermal aberration in the ambient temperature range of —40-60 ‘C. A double-layer DOE is
used to design the cooled dual-band infrared optical system, which shows that the method of using only two optical
materials and three lenses can simplify the design conditions and has certain advantages in military and commercial
applications. Therefore, our design can further promote the development and application of refractive-diffractive hybrid

imaging optical systems.

Key words optical design; diffractive optical element; dual-band infrared; diffraction efficiency; athermalization
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