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Design of Large-Field and Low-Distortion Freeform Space Optical
System with 3D Construction Method
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Beijing Institute of Space Mechanics & Electricity, Beijing 100190, China

Abstract To meet the requirement of large—field, low—distortion and small-volume for optical system used in
remote sensing field, a large—field freeform four—-mirror off-axis reflective imaging system is designed with the
3D construction method, which is with the field of view of 60°and the relative aperture of 1/14. In this paper,
the 3D construction method is introduced. A freeform optical system can be obtained directly from a starting
point of conic system with the 3D construction method, and it can be taken as a good starting point for further
optimization. In the final system, the average of the modulation transform function (MTF) of all field of view is
greater than 0.5(25 lp/mm) and the maximum relative distortion is 0.54% . The 3D construction method is
effective and can tremendously raise the design efficiency of freeform optical system. And the freeform large—
field imaging system designed with 3D construction method shows its advantage of much lower distortion and
meets the balance between the high imaging quality and low distortion of the large- field imaging system,
satisfying the future development requirement of remote sensing.
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Fig.2 Two neighboring surfaces S"and S"of the unknown surface S. Red ray stands for the feature ray R; corresponding to the data point

P.. (a) 8" is the image plane; (b) there are other surfaces between S and the image plane; (c) S is the first surface of the system
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Fig.3 Method to calculate the data point. (a) Find the next feature ray Ri.i; (b) when d, <d., Q,., is taken as the next data point P,, ;

(¢) when d,>d., Q.. is taken as the next data point P,,,
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Table 1 Specification of the freeform off-axis four—mirror system

3)

Parameter Specification
Field of view 60°x2.4°
F-number 14
Focal length 320 mm
Wavelength 0.45~0.89 pm
Detector pixel size 20 pm
Overall length of the system <480 mm
MTF >0.5(25 Ip/mm)
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Table 2 Data of the freeform optical system

Radius /mm Conic Aperture /mm Surface type
Primary 6382.18 0.218 557 %42 10" asphere
Second -1135.4 - D26 Sphere
Tertiary -824.6 0.079 531 %69 Freeform surface
Fourth 0 0 395 %33 10" Asphere
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Table 3 Coefficients of the XY polynomial describing the tertiary mirror

Parameter Value
Term of polynomial x y <y y’ x
Coefficient -3.43x107 -1.03x10° -141x10" -1.12x10°" -1.19%107"
Term of polynomial xy’ ¥ Xty ay ¥
Coefficient -2.81x107" -6.35x 107" -4.38x 10" -3.35x 107" -7.69x 107"
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Fig.9 Relationship between the design result and the weight. (a) Relationship between the weight of tertiary mirror and the average RMS
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22 T RO BT A5 AR BRSO A =BT A B R, 2 DR LU G D 4 B L5 B L6 B XY Z2 300,
BCFRELN w0 =10°, X I3 1) T 359 SR H3CBE K /)N R e AR X W5 25 A P] 10 T s o AT LU L 78— s 8 Y, 2350
RO i, BT RSCR B (EE 2 S G T 2 S BCRUE T RN RRE M, BT RICR Bm R R g HL
Z2 I 0t v, 2 B e ) o - G A T

0322001-7



k
]E

ot il

4 4 ik

IERT =R R G S B R TR S A B T — AN I 320 mm, 223K 60°, AR FLAR
N DI =114 B R 0 s A iy i DG RS IR TR BT AR R R o % A il DG R S
18- 2 7% 33 BR R 0.5 (25 1p/mm), B R AR 25 0.54% . = 4Ryt IR B % 08 7ok A 20 5 R [ &
LA ROEL 8 T BA —E FLAR P37 B AR D6 2 22 48 5 10 HLi% 5 125 0 5 4 B 00 R 25 4, 0 e v 28
PRAE 7523 6] [ I ' FR g it B AR R i AL

2.8¢

E s o ,

@ gg-g ®) 2.58

Q g a4r /

% 4.47 4.49 % 2.2} /

£ 4.35 = /

2 £ 18} /

S 4} 3 16}

4 = 14f /

2 £ 1.2} /

5 E1of 92 om/

& éé' 08f TV

:?; 2 4order b5order 6 order s dorder border  Gorder
Order of XY polynomial Order of XY polynomial

E 10 XY ZI MBS ORI R (a) =8 XY 20X 9 405 7 X R U KON 2E R
(b) =58 XY Z 70 B 5 3 KX W A2 1 56 3R
Fig.10 Relationship between the design result and the order of the XY polynomial. (a) Relationship between the order of
XY polynomial describing tertiary mirror and the average RMS spot diameter;(b) relationship between the order of

XY polynomial describing tertiary mirrorand the maximum relative distortion

£ Z XMk
1 Xue Donglin, Zheng Ligong, Zhang Feng. Off—axis three—mirror system based on freeform mirror[J]. Optics and Precision Engineering,
2011, 19(12): 2813-2820.
BEMRAR, BT, Bl W BT B el i I 0 B = O RG] R R TR, 2011, 19(12): 2813-2820.
2 Wang Qingfeng, Cheng Dewen, Wang Yongtian, et al.. Designing an all-reflective, long focus and large field of view opticalsystem with
freeform surface[C]. SPIE, 2012, 8557, 85570Q .
3 Gong Dun, Wang Hong, Optical design of large field and low distortion coaxial three mirror system with free—form surface[J]. Acta Optica
Sinica, 2014, 34(7): 0722001.
W&, F 2. A& A i R R % A [ A = R SR R BRI bR, 2014, 34(7): 0722001,
4 Li Hua, Zhang Xin, Wang Chao, et al.. Optical design of an avionic helmet—-mounted displays using freeform surface[J]. Acta Optica
Sinica, 2014, 34(3): 0322001.
A AREK B £ OEL S B i i mm LRk 48 BOR AR OE S RG] OB R, 2014, 34(3): 0322001
5 Xia Chungqiu, Zhong Xing, Jin Guang. Design of the off-axis four mirror system by differential equation[J]. Acta Optica Sinica, 2014,
35(9): 0922002.
B 2% 4 Ot BT B B A U RG-SR RG] DAk, 2014, 35(9): 0922002.
6 R A Hicks, R K Perline. Blind=spot problem for motor vehicles[J]. Appl Opt, 2005, 44(19): 3893-3897.
7 R A Hicks, C Croke.Designing coupled free—form surfaces[J]. ] Opt Soc Am A, 2010, 27(10):2132-2137.
8 Hou Jia, Li Haifeng, Zheng Zhenrong, et al.. Distortion correction for imaging on non—planar surface using freeform lens[J]. Optics
Communications, 2010, 285: 986-991.
9 Cheng Fachao, Niu Lihong, Su Binghua, et al.. Freeform surface lens design based on numerical solutions of differential equations[J].
Opt Technique, 2013, 39(3): 0267-0271.
S, A WAL, 95T, A TR o O R (LR %) B e B B Y BEH (D], DBSE R, 2013, 39(3): 0267-0271.
10 J C Mifiano, P Benitez, Wang Lin, et al.. An application of the SMS method for imaging designs[J]. Opt Express, 2009, 17: 24036-24044.
11 P Benitez , J CMifiano. Ultrahigh—numerical-aperture imaging concentrator[J]. J] Opt Soc Am A, 1997, 14: 1988-1997.
12 O Grabocvikide, P Benitez, ] C Mifiano. Aspheric V—groove reflector design with the SMS method in two dimensions[J]. Opt Express,

0322001-8



k
]E

ot il

2010, 18:2515-2521.

13 J C Mifiano, Pablo Benitez, Wang Lin, et al.. Overview of the SMS design method applied to imaging optics[C]. SPIE, 2009, 7429: 74290C.

14 F Duerr, P Benitez, Juan C Minano, et al.. Analytic design method for optimal imaging : coupling three ray sets using two free—form lens
profiles[J]. Opt Express, 2012, 20: 5576-5585.

15 Tang Jian,Yang Bo. Free—form reflector design for beam shaping of laser diode[J]. Acta Optica Sinica, 2015, 35(2): 0208002.
B A U BT R RO SR AR TR B i it S S B B )], e A 4R, 2015, 35(2): 0208002.

16 Hou Jia. Design Method of Imaging Freeform Lens Based on Distortion Correction[D]. Hang zhou: Zhejiang University, 2009.
BT AR RE R AR B A B [D]. UM WK A, 2009,

17 Yang Tong, Zhu Jun, Hou Wei, et al.. Design method of freeform off-axis reflectiveimaging systems with a direct construction process
[J]. Opt Express, 2014, 22(8): 9193-9205.

18 Zhu Jun, Yang Tong, Jin Guopan. Design method of surface contour for a freeform lens with wide linear field—of view[J]. Opt Express,
2013, 21(22): 26080-26092.

19 Wang Lin, Qian Keyuan, Luo Yi. Discontinuous free—form lens design for prescribed irradiance[J]. Appl Opt, 2007, 46(18): 3716-3723 .

20 Zhu Jun, Wu Xiaofei, Yang Tong, et al.. Generating optical freeform surfaces considering bothcoordinates and normals of discrete data
points[J]. ] Opt Soc Am A, 2014, 31(11): 2401-2408.

EEHRE: %

0322001-9



