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Research on diffraction effect of primary mirror in segmented telescope
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Abstract: The design of the segmented primary mirror makes an idea of the extremely large aperture telescope
a reality. In order to study the imaging performance of the segmented telescope, the effect of the segmented
primary mirror configuration, translation error, and tilt error on diffraction effect was precisely analyzed and
quantified. Based on the imaging principle of the segmented optical system, the pupil models of the segmented
primary mirror were established based on the homogeneous coordinate transformation. And the effect of the
segmented primary mirror configuration on the diffraction effect was simulated and analyzed. The
analysis results show that for the segmented primary mirrors with different configurations, the diffraction
effect is affected by the fill factor and the aperture interval of the segmented primary mirror, the higher the fill
factor, the smaller the aperture interval, and the better the system imaging quality. Taking the typical
segmented primary mirror configuration as an example, the effect of the translation error and tilt error of the
single sub-mirror and the overall translation error and tilt error of the segmented primary mirror on diffraction

effect was simulated and analyzed, respectively. The analysis results show that for the single sub-mirror, the
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effect of the translation error on far-field diffraction is periodic. And for the overall segmented primary mirror,

the Strehl ratio is higher than 0.95, when the root mean square of the sub-mirror piston error is less than

0.039A, or the root mean square of the sub-mirror tip-tilt error is less than 0.036A. The analysis results provide

the basis for the imaging performance analysis of the segmented telescope, the configuration design of the

primary mirror, and the detection and adjustment of the translation error and tilt error.

Key words: segmented telescope; diffraction effect; primary mirror configuration; piston error; tip-tilt error
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Fig. 3 Pupil models of segmented primary mirror (different aperture shapes) and their point spread functions for far-field

diffraction
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aperture intervals)

*2 BEIR(FEILEER RSB RETTHEK
Table 2 Configuration parameters and diffraction effects of

segmented primary mirror (different aperture

intervals)
FEENEdmm  fLEEADmMm  BFEFET PRI
0 166 0.771 1
5 163 0.743 0.913
10 160 0.716 0.855
20 153 0.655 0.739
50 133 0.495 0.447
100 100 0.280 0.128

B~ 7% 15 25 XA S 300 52 o Gl 6,
piston = O, 1 O 5 B 48 v | D g o CF R T
THE A — LA X SR EE ) o Bl P58 22 9 3G K, e
WO B W, BP0 G RE & F TR .
Y4 piston = 0.50 B, JGHBE [ 2 X HR 16, Ge & AH
4, (BN T piston = OFFF 1G5 . Bl -6 1R 22 0t
— R, BER AT AR ZE T %, ELF piston = 10 I,

JE 1 — 1~ 5 piston = OF fiE F: 43 A — RE ML BE. °F
iR 2t — AN ST, AT 5 G BE L AR A

KT 2 5 B VRS 1R 25 KT SO Y 5
AT PFHE BB B IR2Z M. O
h HEAE, F 55 1Y piston i 22 1Y ¥ 75 B H (root mean
square, RMS) 24 o, fl& % #% & 1Y pistoniz 22 ik A
0,0 Wi or A, PR E B W5 R LSS F B
piston i 22 ¥ 7 R AH o1 56 R KRR A

S = %[1 +(N - Dexp(-o™)] (8)

MR R A X HATBUE G5 H (N =7), i 545
WK 7 Fr . fIE 7 a) 0L, Bl % pistoniz 25 3 75 AR
1B A9 AS T 3 R, R R [ 22 R Bk A, AR
FEAEL/T ~0.142, Y4 pistoniz 22 A ¥ 7 B E /N T
0.0391 I}, 7 ¢ 51 JK B K T 0.95;5 Y pistonix 2% 11
105 MR AE /N T 0.056) B, 747 81 7K KT 0.9; 24
pistoniz 22 [ 35 77 AR B /N T 0.082) B, i 45 51 /R
KT 0.8,



- 452 .

¥ 55414 5 34

(a) piston=0+n/

(b) piston=0.251+nA

(c) piston=0.5+nA (d) piston=0.75A+ni

S o o o

— Piston=0

- - Piston=0.251
Piston=0.51

-- Piston=0.751

— Piston=14

o b A o o —
— T

Normalized relative intensity

200 220 240 260 280 300 320
ylpixel

6 PHEEHR(FE 1 ERE piston RET) WR BRB R EIA—HETERE

Fig. 6 Point spread functions and their normalized relative intensity of segmented primary mirror (sub-mirror 1 with different

piston errors)

01 02 03 04 05 0.6
RMS/L

07 0.8 09 1

7 HiHF5I/REL S piston M FIRIREXRE

Fig. 7 Relation diagram of Strehl
RMS error

(a) Tilt=0

ratio and piston

5 RFRHRZEXOTET A HYFZ 0

Tip/tiltiR 22 /2 8 52 58 x, yll Ji€ 5% it 5| 6 1) i1
HiiR2E . LA Circle 7 BUPF 42 45 1], i S0 10
&0 @ =500 mm, fLA2 ] B% A d = 10 mm, FEBE
£=700mm. LAeiledy ] i I i i 22 S 9], 3 3t
B8 LU 2) AN TRl i 22 F PR E 85500 2591
PRI 250 K L 05— AR AH T 58 B8 Sk 3 T AR 15 2 X A3 S
RN SZ A, QP 8 iR . Mtilt = OB, BLA i fie
Erp ek, K TR A — X R . B
B AR 25 B W K, T TR, ol LB RE
HIRHIEN . M IRHR 22— K, T R RERE
SRR N Tl = OFF B RE ), SRS I8/, TR AS
T A GBI L B e B

(b) Tilt=0.05 (¢) Tilt=0.14

(e) Tilt=0.51 () Tilt=12

(d) Tilt=0.24



DG 2020, 41(3)

i g, S PRECRE IR EEATAT UMY .+ 453 .

—_
(=}

e o 9o 29
v R o »
T

(=}

X — Til=12

— Tilt=0

-- Tilt=0.051
- Tilt=0.14
— Tilt=0.24
-- Tilt=0.54

X S

Normalized relative intensity

200 220 240

260 280 300 320

ylpixel

B8 HHEXHR(FRIERRE I IRET) WY 8RB E)A—LEXERE

Fig. 8 Point spread functions and their normalized relative intensity of segmented primary mirror (sub-mirror 1 with different

tilt errors)

R T R 2 A AR5 25 XA SRR B S e
AT DR AR ARRR 2E T . N
tip-tilti 22 (Y 1 J7 R A A o, Bk 45 B8 1Y tip-tilt
W22 M0, o) Ji 3 A1, Mo AR/INESF, PFZ 53
KB IR LS 5 T Bitip-tiliR 22 ¥ R on) X R £
kA Y

o 2
S~1-0+—(1 "+ — 9
cr+4(+y+N) (9)

Ky WIE R F, deE TR ILATER . X+
B LA, v 1.33, M4 R 8 X 17 BB 05 B
(N=T), 258K 9 fras, HE 9 R LIE W, FiE
tip-tilti 22 34 7 AR A A i K, S Ae SR L2
FEfa . Mtip-tilos 2% 1935 Jr #RAE /N T 0.036) I,
W A1 IR K T 0.95; 2 tip-tiltizt 22 (1) 14 77 MR AE /)N
F 0.0520 B, HrdEF R E KT 0.9; XY tip-tiltiR 25 1)
IO MR AE/NT 0.0770 B, 451 2K HE KT 0.8,

1

0.95F

4
o

0.85F

Strehl ratio

o
o

0.75

0 0.01 0.02 0.03 0.04 0.05 0.06 0.07 0.08 0.09 0.10
RMS/A

B9 HiFFIRELS tip-tit ¥ A RIREXRE
Fig. 9 Relation diagram of Strehl ratio and tip-tilt
RMS error

6 it

A SCHET bR B AT PR T B2 R4
FAR R, SR Y U AR bR B B S T R 0 AR
® =500 mm. A [AFLAE AR | A IR FLAR 1] BRS 15  se
B F R B B U — M R S L 0
W B K L2 0 P S A A T T DR A 1 M

B PR IR 2 | ARHRZE XA ST RUN AR . S0 A
S50 R TR [ AL AL D B, AT 00
Z P4 BT Y 3 8 R T RN AL AR ) B [R) R i, 3
Fo R v, LA RD BB /DN, R G AR T A
X T BRAS T, AL 1R 28 X I A A R i 2L
SR 6T PR R B AR, 4 ipiston iR 22 Y1
JiARAE/INT 0.0390 B, Hr ¢ 51 K L K T 0.955 2+
% tip-tilti 22 A 3 5 AR /N T 0.036A B, B HEF1 /K
Fb KT 0.95. 40 #74h S0 A ok P 42 R i 5 1%
PERE AT . BT AU AL | SRS 1R 25 A AR 22
ARSI 5 8 4 B — i 1 FE R S

&E 30k

[1] ZHANG Xuejun, FAN Yanchao, BAO He, et al. Applica-
tions and development of ultra large aperture space optic-
al remote sensors[J]. Optics and Precision Engineering,
2016, 24(11):2613-2626.

BT, HEAE R, B, 5. R %S I R
IS5 % B 0], DA % TR, 2016, 24(11): 2613-
2626.

[2] XU Mengmeng, XUE Donglin, ZENG Xuefeng. Design
of compact optical system with large aperture and ultra
long focal length[J]. Journal of Applied Optics, 2018,
39(5): 52-57.

R, BEARAR, 58 ROREK AR REEDLY
Ryt ], BIADE#, 2018, 39(5): 52-57.

[3] LI Quanchao, LI Lei, TAN Songnian, et al. Design and
analysis for large aperture primary aluminum mirrors [J].
Journal of Applied Optics, 2016, 37(3): 337-341.

A, 255, EOIME, . KOG & F R ERIT
54307 0], BEADIE#, 2016, 37(3): 337-341.

[4] ZHOU Chenghao, WANG Zhile, ZHU Feng. Review on
optical synthetic aperture imaging technique[J]. Chinese
Optics, 2017(1): 25-38.


https://doi.org/10.3788/OPE.20162411.2613
https://doi.org/10.3788/OPE.20162411.2613
https://doi.org/10.5768/JAO201839.0501010
https://doi.org/10.5768/JAO201839.0501010
https://doi.org/10.5768/JAO201637.0301003
https://doi.org/10.5768/JAO201637.0301003
https://doi.org/10.3788/OPE.20162411.2613
https://doi.org/10.3788/OPE.20162411.2613
https://doi.org/10.5768/JAO201839.0501010
https://doi.org/10.5768/JAO201839.0501010
https://doi.org/10.5768/JAO201637.0301003
https://doi.org/10.5768/JAO201637.0301003

454 N H

A% E3Y

[5]

[6]

(7]

[8]

(9]

[10]

[11]

SRR, EIRIR, R RO REAE AR R A
JEBUIR (1], e, 2017(1): 25-38.

NELSON . Segmented mirror telescopes[M]//Optics in
Astrophysics. Dordrecht:Springer, 2006: 61-72.

FANSON J, McCARTHY P J, BERNSTEIN R, et al.
Overview and status of the Giant Magellan telescope
project[C]//Ground-based and airborne telescopes V 1I.
USA: International Society for Optics and Photonics,
2018:1070012.

NELSON J, SANDERS G H. The status of the thirty
meter telescope project[C]//Ground-based and airborne
telescopes II. USA: International Society for Optics and
Photonics, 2008: 70121A.

TAMAI R, CIRASUOLO M, GONZALEZ J C, et al. The
E-ELT program status[C]//Ground-based and airborne
telescopes VI. USA: International Society for Optics and
Photonics, 2016: 99060W.

GREENHOUSE M. The James webb space telescope:
mission overview and status[C]//2016 IEEE Aerospace
Conference.USA: IEEE, 2016: 1-11.

CHANAN G, TROY M. Strehl ratio and modulation
transfer function for segmented mirror telescopes as func-
tions of segment phase error[J]. Applied Optics, 1999,
38(31): 6642-6647.

YAITSKOVA N, DOHLEN K. Tip-tilt error for ex-

tremely large segmented telescopes: detailed theoretical

[12]

[13]

[14]

[15]

[16]

[17]

[18]

point-spread-function analysis and numerical simulation
results[J]. JOSA A, 2002, 19(7): 1274-1285.

ROBERTS Jr L C, PERRIN M D, MARCHIS F, et al. Is
that really your Strehl ratio? [C]//Advancements in Adapt-
ive Optics. USA: International Society for Optics and
Photonics, 2004: 504-515.

JIANGF, JU G, QI X, et al. Cross-iteration deconvolu-
tion strategy for differential optical transfer function
(dOTF) wavefront sensing[J]. Optics Letters, 2019,
44(17): 4283-4286.

YUE D, XU S, NIE H. Co-phasing of the segmented mir-
ror and image retrieval based on phase diversity using a
modified algorithm[J]. Applied Optics, 2015, 54(26):
7917-7924.

LI Yichao, KANG Fuzeng, WANG Hao. Imaging prop-
erty analysis of segmented mirror[J]. Infrared and Laser
Engineering, 2019, 48(1): 118006-6.

AR, FRARNS, TR DHER SRR ST (7], 409h
BOET R, 2019, 48(1): 118006-6.

GOODMAN J W. Introduction to Fourier optics[M].Col-
orado: Roberts and Company Publishers, 2005.

BORN M, WOLF E. Principles of optics: electromagnetic
theory of propagation, interference and diffraction of
light[M]. Amsterdam: Elsevier, 2013.

Malacara D. Optical shop testing[M].NYSE: John Wiley &
Sons, 2007.


https://doi.org/10.1364/AO.38.006642
https://doi.org/10.1364/JOSAA.19.001274
https://doi.org/10.1364/OL.44.004283
https://doi.org/10.1364/AO.54.007917
https://doi.org/10.3788/IRLA201948.0118006
https://doi.org/10.3788/IRLA201948.0118006
https://doi.org/10.3788/IRLA201948.0118006
https://doi.org/10.3788/IRLA201948.0118006
https://doi.org/10.1364/AO.38.006642
https://doi.org/10.1364/JOSAA.19.001274
https://doi.org/10.1364/OL.44.004283
https://doi.org/10.1364/AO.54.007917
https://doi.org/10.3788/IRLA201948.0118006
https://doi.org/10.3788/IRLA201948.0118006
https://doi.org/10.3788/IRLA201948.0118006
https://doi.org/10.3788/IRLA201948.0118006
https://doi.org/10.1364/AO.38.006642
https://doi.org/10.1364/JOSAA.19.001274
https://doi.org/10.1364/OL.44.004283
https://doi.org/10.1364/AO.54.007917
https://doi.org/10.3788/IRLA201948.0118006
https://doi.org/10.3788/IRLA201948.0118006
https://doi.org/10.3788/IRLA201948.0118006
https://doi.org/10.3788/IRLA201948.0118006

