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Table 1 Design index of zoom optical system

System Parameter Index

Working waveband /pm 8-12
Field of view /(%) 3.6-10.8

Zoom optical ~ Effective focal length (EFL) /mm 60180

system F-number 2
MTF@20 Ip/mm >0.3
Distortion /% <2
Number of pixel arrays 320X 320
Infrared detector
Pixel size /(pum X pm) 25X 25
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Table 2 Lens data of zoom optical system

Surface Type Radius of Thickness  Glass
curvature

Object Standard Infinity Infinity —
1 Standard 107.933 10.276 ZnSe
2 Standard 289.649 1.000 —
3 Standard 283.193 10.992 7ZnS
4 Standard 143.846 4.662 —
5 Even asphere 34.665 4.430 Ge
6 Standard 30.647 11.297 —
7 Standard 184.574 3.003 IRG24
8 Even asphere 62.939 68.180 —
9 Even asphere 94.595 3.361 Ge
10 Standard —2584.285 3.699 —

Stop Standard Infinity 1.790 —

12 Even asphere ~ —189.861 3.997 Ge
13 Standard 523.850 32.531 —
14 Even asphere 211.333 3.000 Ge
15 Standard 546.132 38.831

Image Standard Infinity — —

#3 AEEkm S

Table 3 Parameters of aspheric surface

Surface No. Conic 4th order term 6th order term 8th order term 10th order term
5 —0.286 41781077 —1.711X107" 1.479x107" —2.902X107"
8 —0.029 —2.249X107° —1.540x107° 3.986 107" —1.594x107"
9 1.797 —9.198x107° —4.067X107" 3.150x 107" 7.792X107"
12 —9.827 —4.380X 1077 1.732x10°" 3.776 X107 —6.915X 10"
14 0 5.821x10°7 —1.049<10° 5.962x10 " —1.293X10 ¥
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Two-dimensional structure diagram of zoom optical system. (a) f'=60 mm; (b) #'=120 mm; (¢c) f'=180 mm

Fig. 2

FEREA R G0 D AR H /0, T BE M2 11 ) B 34 0] LA %
Y/ IN R BILAA ) A BRUR B i, O EL A B R AN A R
FREM/NUEMFE R, REEK K200 mm, J5T.
YERE Ry 39 mm. i FHAR & & 1F 80 A RE 20 kLY
Pk 22 80h 23.6 X 10 °/°C,

P4 % 3 PR B (MTE) J& WA 6 % R 48 AR 1%

Modulus of OTF Modulus of OTF Modulus of OTF

Modulus of OTF

1.0
E
o
Yt
5]

0.5 %
g
s)
=

0 1 1 1 ] 1 L ] 1 L 1

0 20 40 6.0 8 10.0 12.0 140 16.0 18.0 20.0
Spatial frequency in cycles /mm

<3
=
o
Yt
5]
3
e
=]
=

0 1 ] 1 1 1 1 1 4 1 1

0 20 40 6.0 80 100 12.0 140 16.0 18.0 20.0

Spatial frequency in cycles /mm

Modulus of OTF

1
40 6.0 8.0
Spatial frequency in cycles /mm

10.0 12.0 14.0 16.0 18.0 20.0

Modulus of OTF

Spatial frequency in cycles /mm

1 ! 1 1 1 1 1 1 1
40 60 80 100 12.0 140 16.0 18.0 20.0

AR RGN L5 IE < (a) /=60 mm;(b) /=120 mm;(c) /=180 mm

fE 119 25 & 46 br ) MTF 5k & 1E 6 % & 48 % AS [
23 () W R o3 B A AR T, 1A 3 O AR ST B R R
e ARG MTE #i 2 8. T LA %k 40 4t
ARG R GRS AR P AR R AR AR Il 20 C IR
it —40 CHI R 60 'CF , ¥ B A B4 9 4R R
TE 4 25 W R % 20 Ip/mm &b 5 £ b KRR Y

1.0

1.0}~

0.5

0722002-4

40 60 80 100 12.0 140 16.0 18.0 20.0
Spatial frequency in cycles /mm

40 6.0 80 100 12.0 140 16.0 18.0 20.0

Spatial frequency in cycles /mm

40 60 80 100 12.0 140 16.0 18.0 20.0
Spatial frequency in cycles /mm

1 1 I
20 40 60 80

10.0 12.0 14.0 16.0 18.0 20.0
Spatial frequency in cycles /mm



Modulus of OTF

E 445 ETH/2024 £ 4 B/RFFR
B — diff limit-tangential m 4.0000 mm-tangential
m -« diff limit-sagittal m 4.0000 mm-sagittal
B4 — 0.0000 mm-tangentiat £/ — 5.6500 mm-tangential

+++0.0000 mm-sagittal m +== 5.6500 mm-sagittal

0
0 20 40 6.0 80 10.0 12.0 140 16.0 180 20.0
Spatial frequency in cycles /mm

B3 et RGAEANREE T BN RAEER A MTF, (al)~(a3) f'=60 mm, T=—40,20.60 C;(b1)~(b3)f'=120 mm, T=—40,

20,60 °C;(cl1)~(c3) f'=180 mm, T=—40,20,60 °C

Fig. 3 MTF of optical system at different temperatures with different focal lengths. (al)-(a3) f'=60 mm, T=—40, 20, and 60 “C;
(b1)-(b3) £'=120 mm, T=—40, 20, and 60 C; (c1)-(c3) f'=180 mm, T=—40, 20, and 60 C
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Fig. 4 Field curvature and distortion diagrams of optical system at different temperatures with different focal lengths. (al)—(a3) /=60 mm,
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Table 4 Image thermal defocus unit: pm
Focal length —40°C 20 °C 60 °C
Short 13.1 3 6
Middle 0 9 11
Long 3 5 0
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Table 5 Tolerance settings of system

Tolerance type Value
Refractive index 0.0008
Curvature radius /fringe 2
Surface irregularity /fringe 0.25
Thickness /mm +0.025
Abbe number /% 0.08
Element decenter /mm +0.008
Element tilt /(") 0.8
Test wavelength /pm 10

T6 NESPER

Table 6 Tolerance analysis results

Yield rate /% MTF of short focal length >

MTF of middle focal length >

MTF of long focal length >

90 0.339
80 0.351
50 0.374
20 0.392
10 0.403
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Abstract

Objective

Compared with the traditional visible light imaging technology, infrared spectral thermal imaging technology

utilizes the thermal radiation emitted by objects to obtain images of target objects, with unique advantages in target
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detection and tracking. Particularly in the long-wave infrared (LWIR) bands, it demonstrates superior transmittance,
increased propagation distance, and enhanced detection performance. Consequently, infrared cameras possess application
significance in the high-end commerce, monitoring, and other fields. However, conventional thermal imaging cameras are
limited by a fixed focal length, which enables observation only within a specific field of view or area and hampers search
and observation capabilities. To this end, the infrared zoom thermal imaging camera is developed. By continuously
adjusting the field of view and magnification relationship via a continuous zoom optical system, seamless range size
adjustment is achieved, with stability and image clarity maintained. However, the majority of existing LWIR zoom
systems incorporate diffractive surfaces, which results in complex design requirements, elevated processing and assembly
demands, and increased system costs. Furthermore, the design of certain LWIR zoom systems overlooks the influence of
ambient temperature on image quality, subsequently compromising practicality. Thus, it is imperative to devise a low-
cost, compact, and uncooled long-wave infrared continuous zoom optical system that preserves excellent image quality
across a wide range of temperature variations and exhibits strong practicality. We aim to make the design outcomes
contribute to advancements in military weapon targeting, handheld thermal imaging cameras, unmanned vehicles, and

related fields.

Methods To meet the requirements of the specific application environment, we have determined the appropriate initial
structure for the design. The mechanical positive group compensation method is chosen as the compensation technique for
the system. Additionally, the introduction of sulfur glass helps control chromatic aberration and minimize thermal defocus
within the system. Meanwhile, the temperature compensation group employs the smallest aperture lens in the system to
address temperature variations and maintain image quality. We incorporate the electro-mechanical active non-
thermalization method, allowing the temperature compensation mirror group to be adjusted and ensuring excellent imaging
quality across a wide temperature range. Additionally, we utilize Zemax OpticStudio software to optimize the design to
help control the system size and improve overall image quality. By adopting this iterative process, we design a non-
thermalized continuous zoom optical system for LWIR. The designed system takes into account the practicality of
implementation, cost-effectiveness, and compactness while delivering excellent image quality and addressing thermal
variations. This design has significant potential for applications in handheld thermal imaging cameras, unmanned vehicles,

and other related areas.

Results and Discussions After implementing the Zemax OpticStudio software for optimization, a continuous zoom
optical system for LWIR consisting of seven lenses is designed. The materials chosen for the lenses are ZnSe and ZnS for
the first and second lenses, IRG24 for the fourth lens, and Ge for the third and fifth to seventh lenses (Table 2). In this
optical system, five even-ordered aspherical surfaces are employed, and their feasibility for machining is analyzed (Table 3
and Fig. 6), with the remaining surfaces being standard spherical surfaces. The evaluation of the system’s imaging quality
produces the following results. The modulation transfer function (MTF) exceeds 0.32 at all focal lengths, which is close to
the diffraction limit (Fig. 3). The aberration values are also found to be less than 1.8% at the short focus and 0.4% at the
intermediate and long focuses (Fig. 4). Furthermore, the energy of the field-of-view envelope is more than 82% at the
short focus, 70% at the intermediate focus, and 77% at the long focus for a pixel size of 25 um X 25 pm. At short focal
length, it exceeds 70% and is greater than 77% at the long focal length (Fig. 5). The out-of-focus amount of the image
plane of the optical system at different temperatures is within the depth of focus of the system (Table 4). Additionally,
tolerance analysis demonstrates that the system is easily machinable and has a high degree of realizability (Tables 5 and 6).

Meanwhile, the cam curve of the lens displays a smooth trend without any inflection point (Fig. 7).

Conclusions For the LWIR 320 pixel X320 pixel infrared detector, a continuous zoomable non-thermalized uncooled
LWIR optical system is designed by mechanical positive group compensation and electromechanical active compensation.
The system achieves MTF values close to the diffraction limit at all focal lengths, indicating excellent image sharpness. It
has a compact structure, minimal aberrations, long working distance, and high overall imaging quality. The design
strategy focuses on cost reduction by incorporating only aspherical surfaces while maintaining system performance. This
approach helps minimize the system’s size and weight, simplifies its complexity, and ensures smooth motion curves for
both the zoom and compensation groups. The cam mechanism chosen for this design is relatively straightforward to
process. Given these features and advantages, the system holds application significance in various fields such as searching,

tracking, and detecting, and can be effectively utilized in scenarios where high-quality infrared imaging is crucial.

Key words optical design; infrared zoom system; long-wave infrared; image quality evaluation
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