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The utilization of aerospace technology is growing to meet various requirements of climate change sensing,
communications, and the military. Large aperture and precise reflective optical systems such as mirrors are needed to
acquire high-quality data, and the requirements of lightness, low cost, and low deformation should also be met to operate
in the space environment. In this review, we highlight the recent progress of reflective optical systems for aerospace
applications. In particular, optical systems for artificial satellites and homing optics are mainly introduced, and optical and
mechanical simulations are discussed according to operating environments. We also discuss various reflective optic
designs, materials, and operating principles for aerospace applications, such as a homing head and optical payload. We
hope that this review provides approaches for developing surveillance systems, exploring space, and addressing the climate

CIiSiS.
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= 5 Aa"e tiRt 71s 857 S7HEol w9 3 Alofzt, sk gl gAA o] A7) whebA] FEHAATE EEbAlA
o et Fa40] A& o R Zulek ek WUAT e o] Hrh o] 9l e FAT RAS mashe 7T
7 AlL"E Soto] fAE AsdE ovXE E55H] 9 @ 1(Cassegrainy®] 25 s, oju]x] HPEE £l
HHE W So] & 2ePE 2= PV Bastel, 23 glste] FAT Rl vk WS A7 Fsh 12 Filol
g Hassln BAE F2A7] Sk A2 gAl Ag PEATHIS) ASS IR ek RESe) ¥Y, B4 o
(Mirronjih 2-& BhARY HobAZE 22 AGHTH12L 9188 & 5ol 2J5to] st (Wavefront), W) 27 So] 14 S4o] W7
Z Yorle] AS WS olgate] PoHAE 95 Fel o] HER A% U 24 $0 e Yo oAlE Bk Aol

SAAK For 2 7Y 7= A HIEE ST ¢~ S83HH9]
L BA} 9tk oleldt BAIS S Askit st S5 Yot FF $gRoblAL W 2ok 57 (Homing) A2go]
2o Agst WAV TeiET glom, 95 W Uk B w bk ek awo] F2 A 37 Pt 4% %
Ashs A 2 E 5 oF AR oIS Fste] mlE sto] WAbE = Aods AAFer HAARte R i) =4S
MY SO FH o] P2E AARITHE-S] FHE qTS St 5 FAL 914E FepAe)
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Fig. 1 Schematic illustrations of reflective optical system design
through simulations of operating conditions such as
vibration, thermal, and aerodynamic force for aerospace
applications
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NEAE o] AR Ak, f2] L B4o] 2 ARG
(Table 1). 1 ZoAE ©za FalAz eksliA(Silicon
Carbide, SiC), A|250](Zerodur), 4§ A 2]7}(Fused Silica), &
FulE S (Aluminum Alloy), W2 & (Beryllium, Be) A&7}
7V ol ARSEH, A0 ArES HlE, &€ ¢H/d(Thermal
Stability) B! Z3/d ] WpEolA o] lrH6]. dFvle
T 5% 2Ale E Aol the A el W TEe] ol
Ak, Az W Az A3 o shulen] vgo] Adstche
o] Qlrh[15,16]. Egt tholop2E Al AAb 7hg(Single-
point Diamond Turning, SPDT)2} Z-2 AW 7} 7]&S o]%
shH Z& A9o] =o & u el xqﬂg;;_ 2E3t 2 9
tH17-19]. 0|8t L2u)E o] AL o] Lsle] B <)
A AL 914 (Wide-field Infrared Survey Explorer)./] FeHAl=

-1 o=

ol

w(Gold)o] ZHE AFulw A= e HUATH20]. 54 24
Z HEgE> 7 oiv A4 - 2 U707 S LA
=ol AlAA 9 547 (James Webb Space Telescope)2] 5
A& A== A= SITH21]. 85 Ae7ket 22 fe A
© 48 =R ol AREHY &2 FAR st Uiy 5
SHA| FEOR oH el o] ofyth. AT, 24y A4
BeA Y] B9 a7 Y] FEAVE AR gzl A =
d= 2z §-8 A7t AREE t3EA Sl oz 5
4 3Z(STSAT3)of| ARE-H= FotAl= Hits 58 A7)
Aestich22]. gehtadmge 2 E EAd 2 T
A Bz Qlste] 5= FoAlolA w9 o] &

i m> [ oo ofd r

7

Fu B 3 sholk whahiact e Mty 9 Ay
2 "Hl-g-Z3H(Reaction Bonded), 2}, 4~Z (Sintering) 2! 35+

7142 Chaemical Vapor Deposition, CVD)®] ¢lom, A2}
E‘QOﬂ st 2 A S4o) ekl £ itk Wit u}
9 ng|7E A A glo] A4gel ojelen,

[¢)
E4S Uor1X P A4 B Ak AYL SAsks 1Y 7}

R BN

ol e 27 QA W ok} 2
S L A5 AR
Manufacturlng)i ?——r s

oleh24]. 71414 7hae] A9 chep
o RS AE 5 oo £ FARUES TEY 4 ook
Aol glovt, vl el WA 2e HHl 7h A Fhgel B

Fe7h okl vH, A58 Alxe A= Ao theldol Al
OIB‘M.

2+ &34 (CVD SiC) 7
A 578 AAE st

Xﬂ% %%5}04 A &‘EH—J "Eiﬂg AL, AE x5k w3t
T BES AR S et B3R 43S THeet
o] I& P4 AFsta HHS 7Hgste] ARkt A4S 119
gtk sl gsat S gt IE ”501 %ﬁl%i% oF

EX] %0}71 “41—c°1|
2| 2 HREE FFAI717
flste] ZE(Cr), EF0E(AD, oJ4eFA(Si0,), 2ATSIL o] L
& (NbyOs) 7—4 Nzs AFsto] HFH o2 ALS ARt
He ol v A AlEs] flsliA=
agd 7}-5 7]3?0] aTH 22 SEl=AE AE A 31
(Heterocercal Stressed Lapping) &141/1nf, AFE-A|o] 33t
™ (Computer-controlled Optical Surfacing, CCOS) U Z}7|-5-%
-4 (Magnetorheological Finishing, MRF) du} 7|&g £3}9]
27 4.03 mo] i+ AL A= “Jﬁol 270 =] ek (Fig. 3(a))
[26]. slEl=AIE 2E A WY Ve B9 oY 225
HAkslo] ol #il(Edge Effect)zt 289 AAul &
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Table 1 Mechanical and thermal properties of reflective mirror substrates

Material Elastic modulus, Thermal expansion Thermal conductivity Thermal stability
E [GPa] a [/K] k [W/m-k] k/o. [W/m]
Aluminum alloy 68.9 23.6x107° 170 7
Fused silica 72.7 0.52x 107 13 25
Zerodur 90.3 0.02x107° 1.6 80
SiC 130 2.6 x107° 155 59.62
Sintered SiC 410 22x107° 175 79.55
CVD SiC 465 22x107° 200 90.9
Beryllium 303 5x10°° 180 16
W MRFg} 2 24 22 Atelo] oo Lejrhe
Gebasting s E v L 9ol 20 A= e 3R 9% $A0) w4
sic sury At o] AkE|dekFig. 3(0). ol HE WS B3to] 1%
Sic powders & L 4 oz Y o8] 152 nm Root Mean Square (RMS), X%
m - m » | 0.8 nm RMSE =Hdatglon, 5% olate] et (Cladding) =
VD Sic conting Grinding & Polishing  Reflector coating A B AEE 2= AeS AlFsAT
Fig. 2 Schematic illustrations of CVD SSiC mirror manufacturing. A5d A= Foto] A AAee Al %t ook
After synthesizing the SiC body, the CVD SiC mirror is gt HER 2EACH24,27] i) A Ae Sl
fabricated through mechanical processing, deposition, Ha Felol SAfst _ﬁ_ A 22 741 Qlon, o] AXLE
grinding, polishing, and reflective material coating Tzl QWA AZF, TalE T 97 ZaZ JE = o
cpei7l A 4+ olek 43 AL chorl Wil A2
E 725 78 7hsei o)F Bojel P24 RS WA A
2 4 oleH28.29] LRul T ALS AR Paie 2
& AeA glo]x 8-8(Selective Laser Melting, SLM) AH| &
AR, FlolAE Fote] EEe 85AA FAe TGk
LS AAT = XS St FAS LATITH30] 31%

oflh

Az A LAYEE B4 (Scaffoldy AIATH &, P4
817] $15te] tholobts AW A} 7hgo] FrbH o Bast
t}. 71 o] I3kA FEL Esfo] HAEE SR A|7IT

HE

—wave |[ms 0024 _wave ]

(@ (b)

©-¢-0-0 2.3 HIAR st BE =Y
() uf

sfmzmge «-@)-@ HRARY el g Alx HWOHH U7 A= 9 5
{™ - Sof sl B7ge] WE MRS A etol AL ol
&/ swe (- (@010 @|- ° o] ¥ Q@ XK(Surface Error)?} I}H @ X} Wavefront Error,
?:::S ' © Joose WFEYE &43tH(Fig. 4(a)) [31,32]. W ex}= &3 59
© A o] WAS PSS, T oA J1E T G4 o)
HhAbE me] WAE B 7 zhe B3
Fig. 3 Photographs and schematics of SiC aspheric mirror . t o —j—A :‘ 7]-/‘]—5 u:]r’]- j: j}ij‘;’o :E}\Eﬂ o
manufacturing. (a) Fabrication and measurement results of b7l faiAl= AR i A “j o] &2 FoA & H
the aspheric mirror. Images and illustrations of (b) =5 JLoflof st vl ALC] Fot FHS dubAoz A
heterocercal stressed lap polishing and (c) mode comparison = AHE Esto] =H3c). 2o o3t ke BAsl] ¢35
[26] (Adapted from Ref. 26 on the basis of OA) He ALa e Zeupgio g ukxo] AL By ¥zl

T=3IH33]. A ox= w3 Z=2 g n]E|(Profilometer) S

FARE 242 4 UekFig. 3b). AL0) FAolA e FIAE Z4o] Zhsteie). BEA SRuulee wA)
B WA A0k AN DA G, YA Bl Microcantieve Aol 1% F Aol Wel HAS
AL 24 B4 ool wret AR A7 A Y B

olgsto] ate] meslole Baich ulYA] Yob Hede
= (Serial Mode)S AFE3HL Gtk ShAYh, 49 MEE CCOS  mlEE g2y Eb gy WA 52 Sstel muie] W4
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Fig. 4 Measurement of reflective optics. (a) An image of surface
error measurement through the interferometer. (b) A
photograph of swing arm profilometry measurement
approach [26] (Adapted from Ref. 26 on the basis of OA)

4 255 B3 kA ‘Q‘E‘_le?_ SRgvEs B3 W
A7t ot dsHAI o A 2 eAE #Esh)of o
ol Ut} ot AE = I S22 vEE 33AATY
o A We d9S SHske 29 o SRZevEd
(Swing Arm Profilometry, SAP) HH%= A= Ach(Fig. 4(b))
[26.35].

AL&S AA5H= FZd(Isostatic Bipod) 23 % FAH3}
7] gl ozt shE A% 24| Base). 29 4
EFe B3, w3 =HE 4 9 299 dFe sl
g =FS HAA7|Z, o= ZAdFor HERAIT
(Modulation Trasfer Function, MTF)2} Z+-8- #3517 sjjAkeof
FF= T HH &S WSSt A=UA o
(Zernike Polynomials) Al<=7} AMEEH ZF A, Hof, vy 4=
2o} 1o gFEo] RMS ZHe EA3HCH4,28]. 29 A Al A
2YA Al AEE WSSt i exph HashEEs °

E 9 w9lg 2agt,

20 3 Apolzol wetA e, 39, 23, oo
32, Yl(or CubeSat), 7|3, HEAHOZ EREH, 49
a7lel ©2 B (Tagete] vl FalAle] BV} depiict
[B36]. Lesly ool F/lHE e WAy YeAE )
G, ZHIA A TEE Folel W 14HeR A4
CH37L B TA Sl ojArRe] 9%, 271 ohjet B a
Aol weba] BokAlel AAL gek A & olek. AT B 9
e 3 sl ufel 7, B4R, LR 5 Tl
A 205 THsslel thpe shge B53 4 ol Bet 47
7+ masieh olds aPEAe F3A7) 95l A%
(Visible) o] mpAta} AulAl %A (Long Wave Infrared,
LWIR)E EeJA]7]= 384 A7 270= ck(Fig. 5(a)) [38].
o BabAl B3 vkl AATE B Aofzlo] A2 ThE e
Bejslo] B4 o] AR The ko] AAEES At

Primary mirror

Tier 1 Tier 2 Tier 2 Tier 4

Tier3 Tier3 Tier 4

(b)

Fig. 5 Design schematics of reflective optics (a) The optical design
of a dual-band imaging system [40] (Adapted from Ref. 40
on the basis of OA) (b) Different geometric diagrams of
folding reflective imagers [40] (Adapted from Ref. 40 on the
basis of OA)
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Fig. 6 A photograph and simulation results of a space mirror. (a) A photograph of a mount assembled mirror. Simulation results of (b) the
deformation of mirror surface and (c) the stress of bipod mount [42] (Adapted from Ref. 42 on the basis of OA)
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Al 187} P Qalch. HERA $4o] 23halal 9l Ao ¥
P A5 9 A7F 70| QUck(Fig. 6(a)) [42]. HERA
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Fig. 7 Principles and configurations of homing optical systems. (a)
Principles of tracking error signal extraction using a reticle
[49] (Adapted from Ref. 49 on the basis of OA) (b) A
schematic of a scanning homing system structure. (c)
Tracking diagram with an established coordinate [12]
(Adapted from Ref. 12 on the basis of OA)
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