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Tab.1 Specification of the optical system

Parameter Specifications
Resolution/pixel 640x512
Pixel size/pum? 25x25
Spectral band/um 7.7-10.0

Entrance pupil diameter/mm 73
F-number 2
Field of view/(°) 6.25%5.0
Distortion <5%
RMS spot size/um <50%50
RMS wavefront error <1 /@632.8 nm
Package size/mm’ <150x250%300
Working temperature/°C 10-30
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Fig.1 Design concept of the four mirror optical system
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Fig.2 Layout of the optical system
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Fig.3 Ray footprint of each mirror M1-M4 (color for each field)
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Tab.2 XY polynomial coefficients of M1-M4

Term XY polynomial Coefficient of M1 Coefficient of M2 Coefficient of M3 Coefficient of M4
1 X0Y1 —1.91590e-02 —4.85671e-02 1.04008e-01 —9.217 60e-02
2 X2Y0 —6.09199¢-04 1.487 64e-03 3.001 54¢-02 1.868 76e-04
3 X012 —7.87246¢-04 6.401 74¢-04 2.82810e-02 —2.30088¢-04
4 X2v1 —8.05246¢-06 —8.45861e-06 3.34959¢-05 —3.48285¢-06
5 X073 —6.55433¢-06 —1.09920e-05 2.33983e-06 —3.22347¢-06
6 X4Y0 2.31375¢-08 —8.366 54¢-09 9.54513e-06 7.97118e-09
7 X212 2.95744¢-08 —1.37912¢-07 2.41580e-05 —1.39353¢-08
8 X0Y4 1.02931e-08 —1.43957¢-07 1.298 04¢-05 —1.63718¢-08
9 X4Y1 —2.87921e-10 —8.54897¢-10 —3.81025e-07 —2.18160e-10
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Continued Tab.2
Term XY polynomial Coefficient of M1 Coefficient of M2 Coefficient of M3 Coefficient of M4
10 X273 —4.62580e-10 —3.00746¢-09 3.11828¢-09 —5.13363e-10
11 X0Y5 —1.89183e-10 —2.32407e-09 —3.87337e-08 —2.60893e-10
12 X6Y0 1.08579e-12 3.93228e-13 4.29815e-09 6.11019e-13
13 X4Y2 5.39421e-12 —=7.60172e-12 6.35325¢-08 —2.01506e-12
14 X2Y4 5.93096e-12 —3.12901e-11 3.73110e-08 —5.25985e-12
15 X0Y6 1.893 80e-12 —2.73598e-11 1.604 45e-08 —2.60015e-12
16 X6Y1 —3.74645¢-14 —1.50798e-13 3.80074¢-09 —5.13163¢-14
17 X4Y3 —7.57945e-14 —2.30257e-13 2.12275e-10 —1.608 06e-13
18 X2Y5 —6.16321e-14 —3.77989%¢-13 1.84473e-10 —1.35982e-13
19 X0Y7 —1.68419¢-14 —2.20673e-13 3.74348e-10 —4.21283e-14
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Fig.4 Residual sag distribution 3D diagram of each mirror after removing the best-fit sphere
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Fig.5 Spot diagram of the optical system
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Fig.11 Relative illuminance along X direction

91%, X 75 o] BRI SJPEAR T 87%.
3.6 XERGEARNESN

SRR NN R O v A E R DT ¥
BEPRMEREIG N, F5 XS RPN AT T, LOGAE R
G5 AR SR B R S IR, 75 3045 R 0 238 2%
Sy BLAE R AR 3 N, W R B RO A 2N
+20 pm., T JA] BE 2N 2% +0.05 mm ., 2855 %5 A8 bR X7Y/
Z SR8 22 R0 o SR PRI 2 il 1) 45 A A D
3%, 0k SR RIS ALY, 15 5] 90% #E %~ RMS
JURTHR B B A2 N 16.9 um, i K RMS J U 3R HLHE HL
%4 19.8 um. “F- 4 RMS JLA 9% BLBHE 542 4 9.1 pum,
BNFICHREBE AR, HI/NF 50 pmx50 pm (IFARER

xR 3 REHRE M1~-M4 KRR AN EDER
Tab.3 Allocation table for positioning and attitude tolerance of M1-M4

No. Term Value No. Term Value
1 Detector position compensation +2.00 mm 4 Distance between M3 and M4 +0.05 mm
2 Distance between M1 and M2 +0.05 mm 5 X-decenter of M1 +0.02 mm
3 Distance between M2 and M3 +0.05 mm 6 Y-decenter of M1 +0.02 mm

20230338-6
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BR3
Continued Tab.3
No. Term Value No. Term Value
7 X-tilt of M1 +0.017° 16 Y-decenter of M3 +0.02 mm
8 Y-tilt of M1 +0.017° 17 X-tilt of M3 +0.017°
9 Z-tilt of M1 +0.017° 18 Y-tilt of M3 +0.017°
10 X-decenter of M2 +0.02 mm 19 Z-tilt of M3 +0.017°
11 Y-decenter of M2 +0.02 mm 20 X-decenter of M4 +0.02 mm
12 X-tilt of M2 +0.017° 21 Y-decenter of M4 +0.02 mm
13 Y-tilt of M2 +0.017° 22 X-tilt of M4 +0.017°
14 Z-tilt of M2 +0.017° 23 Y-tilt of M4 +0.017°
15 X-decenter of M3 +0.02 mm 24 Z-tilt of M4 +0.017°
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Fig.12 3D model of system mechanical structure
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Tab.4 6061-T6 material properties

Density/kg-m’ Thermal expansion coefficient/K

Elastic modulus/N-m 2

Poisson's ratio Thermal conductivity/W-(m-K) '
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Fig.14 Boundary conditions of the finite element model
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imported into the optical software
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Fig.18 Wavefront aberration of typical field of view
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Freeform off-axis four-mirror all-aluminum infrared

detection system (invited)

Gao Rong, Mao Xianglong', Li Jinpeng, Xu Zhichen, Xie Yongjun
(Xi'an Institute of Optics and Precision Mechanics, Chinese Academy of Sciences, Xi'an 710119, China)

Abstract:

Objective  Infrared detection technology has the advantage of passive thermal radiation detection and
continuous work day and night. It can greatly reduce the restriction of environmental factors such as the light
conditions. It is widely used in ecological environment monitoring, night vision detection, precision guidance and
other fields. In recent years, with the development of infrared detection technology, especially in the field of
aviation and aerospace remote sensing, in order to improve the timeliness of infrared remote sensing detection and
realize the large-scale deployment of infrared detection system, the demand for large-field-of-view, high-compact,
lightweight and low-cost infrared detection system is becoming more and more urgent. For this purpose, a
freeform off-axis four-mirror all-aluminum infrared optical detection system with a large field of view and a

compact package is designed in this paper.

Methods A freeform off-axis four-mirror all-aluminum infrared optical detection system is designed and built in
this paper. The optical system has a real exit pupil to connect the cold aperture of a cooled infrared detector
(Fig.2). The 7™ order XY polynomials is used to represent the surface of the four freeform mirrors. The full-field
geometric spot radius, wave aberration, modulation transfer function, and distortion grid are analyzed (Fig.5-9).
The Monte Carlo algorithm is used for tolerance analysis to determine the influence of the alignment errors of the
four mirrors (Tab.3). The optical system adopts an all-aluminum optomechanical design (Fig.12), in which the
aluminum freeform mirror employs a three-ear flexible support mode to reduce the rigid connection stress
(Fig.13). The optical, mechanical and thermal integration analysis is carried out, and the athermal effect of the
optical system is verified (Fig.14-16). The optical system is assembled, and the full-field wave aberration is
measured (Fig.17-18).

Results and Discussions  The optimized freeform off-axis four-mirror optical system has a large field of view
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of 6.25°x5°, The maximal geometric spot radius over the whole field of view is 5.36 um, which is far less than the
radius of the airy spot (Fig.5-6). The full-field wavefront error is less than 0.0374@8.85 um, which approaches
the diffraction limit (Fig.7). The minimal MTF at 20 Ip/mm is 0.48 (Fig.8). Considering the conventional
alignment errors of the four mirrors (Tab.3), the geometric spot radius of the optical system is expect to be less
than 19.8 pm. According to the optical, mechanical and thermal integration analysis, the maximal full-field
geometric spot radius is slightly changed from 5.36 pm to 5.49 pm when the working temperature is changed
from 20 °C to 30 °C (Fig.16). The result proves that the all-aluminum optomechanical system potentially has the
optically athermal characteristics. The prototype has a focal length of 146.2 mm and a NETD of 26.8 mK. The
measured wavefront error of the prototype is less than RMS 0.71@632.8 nm, which meets the technical

requirements (Fig.18).

Conclusions A freeform off-axis four-mirror all-aluminum infrared optical system with a real exit pupil, a large
field of view and a compact package is built in this paper. The optical system has a field of view of 6.25°x5°. The
designed full-field geometric spot radius, wavefront error and modulation transfer function all approach the
diffraction limit. The tolerance analysis of the alignment errors of the four mirrors is carried out based on the
Monte Carlo algorithm, which leads to a full-field geometric spot radius of less than 19.8 um. The optical system
adopts an all-aluminum optomechanical design, which naturally possesses an optically athermal potentiality. The
optical, mechanical and thermal integration analysis for a temperature rise of 10 °C of the optical system verifies
the optical athermality of the optical system. The measured full-field wavefront error of the prototype is less than
RMS 0.74@632.8 nm. The captured far field infrared image shows the high performance of the prototype.
Compared with the traditional off-axis reflective optical system, the demonstrated optical system adopts a new
configuration of "all-freeform optical surfaces + all-aluminum optomechanics". It can achieve a larger field of
view with a more compact envelope. And, the system has the characteristics of lightweight, low cost and optical

athermality, which has important application prospects in the field of infrared detection.

Key words: infrared detection system;  freeform surface;  off-axis four mirror;

all-aluminum optomechanics
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