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Table 1 Basic properties and specific stiffness of common reflector materials

14' d
. Elastic ) mqur Thermal ) Ratio
) Density o / Poisson expansion . Heat capacity C / .
Material . modulus E / . . conductivity A / R stiffness /
(geem ™) ) ratio p coefficient @ / N (J-kg "K' 6 o
GPa e (W-kg "“K™") (10°m?*s %)
(10°K™)

Fused silica 2.19 72 0.17 0.5 1.40 750 32.9

ULE 2.21 67 0.17 0.03 1.31 766 30. 3

Glass—ceramics 2.53 91 0.24 0.05 1.64 821 36.0

Al 2.70 68 0.33 22.5 167 896 25.2

Be 1.85 287 0.04 11.4 216 1925 155.1

Si 2.33 131 0.42 2.6 137 710 56.2

SiC? 3. 06 350 0.21 2.5 185 500 114.4

Notes: '—6061-t6 aluminum alloy; *—reaction-bonded SiC (RB-SiC).
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Fig. 1 Performance comparison between SiC ceramic and other
mirror materials
SiC 1Y Pt B4 BE 1 FEAE =% (6] B2t 58 Hh 4 31 )32 1
AL 2 e, Bk Js 2009 46 BF i 1) Herschel 28 it
L 2(a) ] AR A 3 21 40 B B (55~672 pm) , R ]
$3.5 m B ETHE SIC T BT, LR B 07 iR 22 (RMS)
1500 nm, Sk H A 7E B0 fe K F AR SIC Bim i, SE 1
ALADIN #H i 5" [ & 2(b) IR A T 1.5 m SiC F5,
Rk 2 Jey 2013 4R BF il (9 Gaia BB 557 [ 2(c) IR T
1.45m > 0.5 m % SiC 5, £ EO-1"dRH T SiC
FoEHLE 2(d) ],
B B b i A SIC i) 8 8% 2R 52 R 4 LL i) 2, 3

PLZEME 1.5 m H A2 B9 BRI, AL 4% i fb 4 R fi 2 X DA
I A A R, AT IR AR TE K, SRR T ] DO Al
%o EEXE LRI, o E R B K RO E S B ALK S
YYELAIEZE T (LA R AR K LT ") 4 T K=
MR B AR SICHERBBIATHBRER, EWT
SiC ZER R 457 M 3 T2 i o 7 35 30 2 3 32
i b R PR R | T % W B0 TR) T SO 45 A 1 4 A
J5 T A7 7E B B AR ME L, 58 B T 1~4 m = 2% & 51 SiC X
SR ER A i 3 TR o

SEBR N R SIC 1 B Sk B S 91 dn iy 2 4 ()
HIER FE IR N 2.4m, R =R ULE
PR B, OB B R R B O 817 kg, 1 E N
180. 6 kg/m’, 4n &l 4 (a) Fi /™ o K & 6 HL i BF il 114
CSST EHAY 42K 2. 05 m, Jii i Jy 268 kg, i %5 2
3 85. 3 kg/m*, W 4(b) i . H ErEBR 8 8 2%
T2 it A T % B A A i 7K 24 2R 50 kg/m”, K G AL
JT A A9 2. 02 m A% 08 2 i Ak SIC 5 5 1 T i
110 kg, M % BEAY Ny 34. 3 kg/m”, fn & 4(c) fis .

3 A5 [R]2F 2R G ply R v AR INGEE
RC #] & % TMA, 5 2 W # A

]
X T AR 2 ) U B 7 4T AR T AT

0822009-2



iR - % A3% EH8HI/2023 F 4 B/ RFER

B2 SiCRPBFEZS ME# R 4 P i A - (a) Herschel 83555 (b) ALADIN #5455 (¢) Gala BitH™; (d) EO-1"
Fig. 2 Applications of SiC mirrors in space optical systems. (a) Herschel telescope™; (b) ALADIN telescope'; (¢) Gaia telescope™;

(d) EO-1*
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Fig. 3 Development process of large aperture SiC mirrors in CIOMP"

B4 ULER ARG5S SiC RS8R H o (a) i 328 ) BB IE 68 5% 5 (b) CSST F48: (o) Bk SiC 468
Fig. 4 Application comparison of ULE lightweight mirrors and SiC mirrors™. (a) Hubble space telescope primary mirror; (b) CSST

primary mirror; (c) ultra-lightweight SiC mirror
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Fig. 5

RC optical system structure and the relationship between the ratio of tube length to focal length and aberration coefficient.

(a) RC optical system structure; (b) RC system tube length to focal length ratio and aberration coefficient curve

RC R G0 0 e KA SR S50 g o K — T &
R EAEMM 1/5~1/10, KRG, Mk — 218 IER
B A T2 e A S T MG 2% I8 BN N 38 S A 1E B
20X Ok T 28 A2 WO A — R 80 n)

by it — 2 K IR T AME 22 3R Y L 20
22 60—70 4E A4k I T — T =8 R 5k
T, Horb i FAR PR A 2 Korseh! 48 M 19 = 0 W 14 1
(TMA)ZE# ., WE 6 FiA, TMA &SGR H B XITE
KA 84, 43 A 34N RS BE 1 T A il 3R A2 (s
7o) V3R G B  AE BR T AR B e vk il TR B (@) as
a) 2B R (d)ody) , Hob d, o 3 BRI TR B
d, MR BRI o X 8 AN Y 34 AR R 1H &R AL
(@ as a;) — M R TH BR R G0 30 AR 25—k

ZVE 2 FRE, Fl 4 5 A4S BT R 34 TS il R AR
(rorory) R AR5 500 e Rt (508 I L 2 70
A 22 H80(d, do) W R ZHEG L R G459 A
Ja, W — AR A B (R AR (R GE 5 T AR i i
i BEK%E, 5RCASGAMIEL,Korsch TMA &4t
ANt B E B R IE B 4, DA sk O T (2%, DA in— A~
Bk A R IE BR T BR 25 B 22 FG L, Rk
PG Y B H 48 5 i N — AR, A R T HE E Bk
M 5 1E B AN 2% 066 1 W) B R s s N K S AR
b o B 2 AE Bk A PR T R B R Y s & R L AR
BRTH FR 4 ] i R 0y ok BE KR R AIK, B K Korsch
TMA F 48 )\ 2000 4F - 4 7E 25 ] B0 5 b 4R 15 T 32 B
H L, AR JWST 2t 5% . GeoEye & 4

# 6 Korsch TMA £ 4t iy )62¢ A Ja
Fig. 6 Optical layout of Korsch TMA system™”
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Fig. 7 Effect of central obscuration on point spread function of optical system
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Fig. 8 Designed structures based on off-axis TMA. (a) Off-axis TMA with first image plane; (b) off-axis TMA without first image
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Fig. 9 Optical structure of high resolution camera for Mars exploration in China and comparison with similar foreign cameras
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Fig. 10  Optical structure of Chinese space station telescope
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Fig. 11 Optical structure of GF-6 camera
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Fig. 12 Development trend of normalized frequency of space optical system
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Fig. 13 Sampling of optical system
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Table 2 Main research and development institution and their manufacturing capabilities of large-aperture aspheric mirrors in the world

Vendor Size capability Heritage example Other capability/Comment
Brasbear 8.3 Polished 8. 3 m Subaru ULE. 1.45m MREF polishing capability being
.3m
(L-3) Kepler ULE added
) . Polished HST 2.4 m ULE. Chandral.2m
Goodrich 4 m 5-axis Arbogas . —
diax 0. 8 m Zerodur
. 3 m 5-axis CNC machine. 2. 5 m off- i i . . .
ITT ) . i Polished HST 2.4 m ULE back-up mirror Ion figuring capability
axis generation machining
Opteon >3.5m Polished Herschel 3. 5 m mirror —
Rayleigh
s 2.5m — —
Optical
Polisher NMSD 1.5 m Zerodur. GTC L .
REOSCI19 . . . Ion figuring capability up to
10 m capacity 1.8 m Zerodur. SOFIA 2.9 m Zerodur. six
(Sagem) o 2.5m
8 m (Gemini ULE, VLT Zerodur)
SESO 1.4m — 2.5 m capacity in-process
Tinsley SSG o
(1-3) 1.6 m Polishing 1. 5 m JWST segments —
University of 8.4 NMSD 2. 0 m borosilicate. 6.5 m to 8 m
.4m —
Arizona ground telescopes
Xinetics 2m — Capability for polishing SiC
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Fig.14 Large aspheric mirror manufacturing equipment of

Institute of Optics and Electronics, Chinese Academy

of Sciences™
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Fig. 15 KDMRF polishing machine developed by National

University of Defense Technology™
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Fig. 16 CIOMP 4 m large-aperture complex curved surface full-link integrated manufacturing system'”. (a) Mirror blank preparation

system; (b) aspheric processing system; (c¢) aspheric measurement system; (d) aspheric coating system
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Fig. 17 Traditional technical process route based on small tool polishing

K18 T CCOS+MRF+IBF MU A T2 Kk
Fig. 18 Combined process route based on CCOS + MRF + IBF
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Fig. 19 Processing results of 1. 5 m off-axis parabolic mirror’?"
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Fig. 20  Processing time of each process of 1.5 m off-axis

parabolic mirror™®!
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Pl 21 W 2 ) B 9 20 4 COST AR I J 19 BUAR 45 Sxh b >
Fig. 21 Comparison of imaging results before and after COST AR installation of Hubble space telescope™"
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Fig. 22 Sub-aperture planning and measurement results using sub-aperture stitching method™”
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Fig. 23 Residual distribution of the comparison between two methods™”. (a) Full aperture measurement results after splicing;

(b) refractive compensator measurement results; (c) residuals of the two measurement results
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Pl 24 SR FHT S RN AR R T 25 R0 (o) T G RN B 2R 11
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Fig. 24 Measurement results of refractive compensator™,

(a) Measurement results of refractive compensator;

(b)  measurement results of computer-generated

holography
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Fig. 25 Common reference alignment scheme for primary and tertiary mirrors of off-axis three-mirror system by CGH""
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Fig. 26 Scene photo and interferograms of primary and tertiary mirrors common reference assembly"”
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Fig. 27 Principle of interference test and distribution of diffraction area
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Fig. 28 Surface measurement results of the second and fourth

mirrors””
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Fig. 29 Consistency verification results of optical facility

primary mirror
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Fig. 30 Mechanical arm optical processing equipment of CIOMP™. (a)(b) Mechanical arm CCOS equipment; (c)(d) mechanical arm

MREF polishing equipment
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Abstract

Significance Over the last decade, the performance of space optical systems has been significantly improved through the
efforts of optical researchers in China and abroad. Two critical specifications of an Earth Observing (EO) system are
resolution and swath. By this measure, China’s recently launched commercial EO systems have reached a world-class
level. These inspiring achievements are the results of courageous innovations and substantial practices in reflective optical
materials, optical design, aspheric fabricating and testing, and system assembly.

Advanced manufacturing technologies of optical systems include mirror blank preparation, optical design, fabrication,
coating, testing, and system assembly, which is an enabling technology for high-performance optical systems. The
imaging optical system is an information collecting system rather than a simple energy collecting system. An important
indicator to assess its performance is the information collecting capacity. For example, the requirements for the EO
payloads are higher resolution and wider imaging swath. However, constrained by launch costs and working
environments, the volume and mass of space optical systems are strictly restricted. Therefore, some common
requirements for its manufacturing technology are summarized as follows. First, the mirror materials should have high
specific stiffness and thermal deformation resistance to reduce the cost of launch mass and thermal control. Second, the
systems with large aperture, long focal length, and large field of view (FoV) simultaneously are needed to solve the
contradiction of high resolution and wide swath, and this results in multiple-mirror on-axis or off-axis design. Aspheric
surfaces or even freeform surfaces are employed to increase the design freedom and balance the large off-axis field
aberrations. Nevertheless, the off-axis aspheric or freeform design causes asymmetric mirror shape and system layout.
Consequently, unlike the conventional slow lapping process, the deterministic computer-controlled optical surfacing
(CCOS) technique is necessary to achieve higher accuracy and efficiency. Meanwhile, aspheric surface digital testing and
system computer-aided alignment techniques are utilized through the whole process of milling, grinding, polishing, and
system assembly to guide deterministic processing and verify the payload’s performance consistency in space and on earth.

In this paper, the latest progress of space optical systems over the last decade in China are introduced with the
combination of several on-orbit examples. The technological advantages include silicon carbide (SiC) material, space
optical system design and configuration evolution, digital measurement of complex optical surfaces, and computer-aided
assembly and adjustment technology. In addition, the future trend of advanced optical system manufacturing technology is

discussed.

Progress The space qualified mirror materials should be easy to manufacture and of high dimensional stability to adapt to
the working environments. Compared with optical glass and some metal materials, SiC ceramics exhibit excellent
performance in specific stiffness and thermal stability (Table 1). For large-aperture space telescopes, reflective systems
have been widely applied for their mirror light-weighting nature and chromatic aberration-free feature. Two-mirror systems
are adopted traditionally in the early applications such as Ritchey-Chretien (RC) system (Fig. 5). Several designs based on
three-mirror layouts have emerged in the 60s and 70s of 20th century to further correct astigmatism and increase the
available FoV, and the most successful example is the three-mirror anastigmat (TMA) proposed by Korsch (Fig. 6). To
further increase the field of view and correct the higher-order off-axis aberrations, this paper introduces freeform surfaces
based on the conventional TMAs. The optical payload in GF-6 satellite is an off-axis four-mirror design, in which the
second-and-fourth mirror employs the Zernike freeform surfaces (Fig. 11). The rapid development of advanced
manufacturing technology has been greatly promoted with the evolution of complex optical system configurations. The
CCOS, magnetorheological finishing (MRF) and ion beam figuring (IBF), and other advanced manufacturing technologies
have been developed and applied to manufacturing aspherical optical systems (Fig. 16) with extremely high shape accuracy
(Fig. 19). In addition, the aspheric surface testing methods have been developed and utilized in a combined way to
measure the surface shape (Figs. 22 and 23). Finally, based on the co-reference alignment technology using computer-

generated hologram (CGH), some testing results of the aligned system are shown (Figs. 25-26).

Conclusions and Prospects The advanced optical manufacturing technology based on multi-axis computer numerical
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control machining center has yielded remarkable results and has been extensively applied in numerous projects. However,
for very large aperture monolithic or segmented mirror telescopes, optical manufacturing faces challenges in high quality
and volume productions. On one hand, 8 m class aspheric or freeform mirrors need to be manufactured to the accuracy of
sub-10 nm RMS. On the other hand, hundreds of 1 m class aspherical segmented mirrors need to be polished with high
efficiency and consistency. In the future, an optical intelligent manufacturing system will be constructed with the
combination of intelligent decision support, process sensing, collaborative manufacturing based on big data, cloud
computing, and machine learning. The unmanned workshops together with intelligent green flexible manufacturing

technology are highly expected in the following decade.

Key words optical design; space camera; asphere; freeform; advanced manufacturing
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