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E9 PTF 445 K55k 16 . (a) PTF 4045 5 (b) 55 b Y I8k
Fig. 9 PTF distribution and side-lobe. (a) PTF distribution; (b) wavefront of side-lobe b
F2 T PTF 05 tp-ale & 77 Pk 45 2] /) 55 2 1 3 19 tip-tilt i 22

Table 2 tip-tilt errors of segments 2 and 3 measured by tip-tilt detection method based on PTF unit: (")

Experiment No. Tip error of segment 2 Tilt error of segment 2 Tip error of segment 3 Tilt error of segment 3

1 0.1766 0.2179 0.1657 0.1662
2 0.1574 0.2684 0.1914 0.1609
3 0.4919 0.4116 0.4370 0. 3688
4 0.7222 0.7615 0.6761 0.7344
5 1. 0005 1. 0635 0.9726 1. 0290
6 1.1924 1. 2401 1.1765 1.2447
7 1.4183 1. 5001 1.4112 1.4936
8 1.5710 1. 6631 1.5731 1. 6643
9 1.8434 1. 7869 1.8112 1. 8664
10 1. 9553 2.0172 2.0001 2.0516

FE A 43 B S AH 7 AR 52 567 5 I bR T O 4R
W AT M SE Al b, & dp-dle iR 22, 3N T
P LR 2 Fros O 42 25 R 22 [H) B9 RMS (0. 0182) ,
b 7 i ) I A A 24 o PR CCD M RN 43 e % T B
BRZEAN, S R T A B IR R 8 S 5 e
50 AR RO DT S M S 56 1 00 R B (B 2 1
5 22 36 /N T /40 (RMS) 19 BF 42 Z2 R [tip-tilt i%

ZEREMAE B /N T 0. 034" (RMS) ™ o 76 I 2 K5 J32 AR 24
8 B0 T, A SCHR H I PTF I 42k 7 vk 45 4 ) B2, A 4K
P 1IN RR

H1 % 3 00 23 A 45 2R Al i, A SO R 07 ik 5 B R
N0 8 0 R 2 EUAS SO A T R = S
75 B 04 ] HL G008 5o 3 B IR S A5 AR S T B
NS BE S R B, RS AR LATRT AL, B AT A7 %
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Table 3
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K3 RN DT AN A R 0 1R 2

Error between measured results of two methods

unit: (")

Experiment No.

Tip error of segment 2

Tilt error of segment 2

Tip error of segment 3 Tilt error of segment 3

1 0.0135 —0.0143 —0.0010 0.0160
2 0.0148 —0.0239 —0.0052 0.0092
3 —0.0288 —0.0206 0.0092 0.0103
4 —0.0286 —0.0081 0.0287 0.0126
5 0.0235 0.0061 0.0022 0.0213
6 0.0097 0.0158 0.0219 0.0106
7 0.0219 0.0231 0.0062 0.0165
8 0.0103 0.0185 0.0168 0.0252
9 0.0102 0.0232 —0.0134 —0.0117
10 0.0110 0.0204 —0.0230 —0.0120
B e P IR AR Y CCD M7 i o 4 ) 45 3 A9 tip (B 5 &

4 R AR o

55 3. 199 /Y 015 56 IE 2 7 AU A8 6 AR 07 1% 2 f) B

MU OLT HEAT I, i AR SE g0 b, CCD M S K 4y B 5% T
TE 1R 22 35 25 o W) i 45 SR A5 5 ), A L X 3k R A 5 i) [
RiEIT T2 005 B . AR WIEF PTF M
tip-tilt 15 28 A Wy v | 75 EEAE oy BB &R 0 0 H i T Ak
TS HCFL Y BRI DX -5 B I A S D R AT R 4 B
LAY B /N T RAH KB 7 B AT X tip-tilt

% 2 5 0 F) 52 0 T L2 220

4.1 CCDMgERE

8

L tip @ 22 0 6 2 5], 45 BRABRS B0 T 3145 /Y PSF 5]

F4 ORI CCDFME LT tip AP & 22 22 (RMS)
Table 4 Measured error (RMS) of tip under different signal-to-noise ratio of CCD

HVEAT H g, A5 2000 5 1% 22, 43 #r CCD B 75 X tip-tilt
15 22 I 1 52 )

B CCD 15 Mt 1k 43 % f 10 dB. 15 dB. 20 dB.
25 dB .30 dB.35dB.40 dB .45 dB.50 dB.55 dB 10 fi
A FEE B, 76 B — A LR, L 0. 02097 (0. 01372) N 4
KK tip OB fin 2= 2. 09", 2647 100 21 I 5045 , 43 51
T I RAR 22 g5 R E 4 i . i 4n s, Y
MR L 40 dB B, tip iR 22 B 7 AR N
2.98 X 10 *"(2. 06 X 10 * 1), ik /& Pk 322 i 15 X 2L A7
BWRZMA/40 (RMS) W EEK . HHETEH CCD MPLIME
M Hp e AR K T 40 dB, BIF LAk 545 W Fe A T 40 dB #Y
CCD AJ K K o8 AR Mt 5 56k AR ST 4 Ty 32 B4 52 1)

Signal-to-noise ratio of CCD /dB

RMS of tip error /A

RMS of tip error /(")

10 0.3343
15 0. 1489
20 0.1228
25 0.1051
30 0.0034
35 3.33X107"
40 2.06X10°"
45 4.26X10°°
50 1.06x10°
55 2.89Xx10°°

0.4848
0.2159
0.1781
0.1524
0.0049
.82X107*
98x107"
17X10°°
.53X10°°
.19X10°°

= T R

4.2 HEHIZEHZE

MR LA tip b 22 0 8 D ), A8 2y B 1A )
0 T T 158 2, K D B A5 B B tip RS 8 B R AT LA,
3 20 A DR 22, o A IR R 25 X tip-tile R 22 W 4 Y

=%
2 ﬂﬁ o

B B R 22 19 RMS {8 43 51 b 0. 014, 0. 024,
0.032.0.042,0.051.0. 06A.0. 07A 7 Fh A [] 15 ¢ , 7€ &
—FAE B R, BL0.0209" (0. 01374) S 42K, 5 tip L O

i 2.09", A 100 410 BB o B8 Y Oy
MR 22 R SR . M2 5l tip-tilt iR 22 1)
) 5t {1 B 1A 2 5% 2 1 485 R 15 R, o R ) A R 2
/NF A/A0(RMS) , 43 B BE 1 B 12 22 1Y 72 22 (RMS) [
9 0.0255"(0. 042) .

5 &

PR T — R T PTF 19 0 B8R dp-tilt 12 25 19
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#5 AR PETEIE RMS R 2216 5T tip 225 RMS 19 )
A
Table 5 Measured RMS of tip error under different segment’s
figure RMS error

RMS of figure i RMS of tip

error /A RMS oftip error /4 error /(")
0.01 0. 0064 0.0092
0.02 0.0127 0.0184
0.03 0.0191 0.0277
0.04 0. 0255 0. 0370
0.05 0.0319 0. 0463
0.06 0.0383 0.0554
0.07 0.0447 0.0648

W7 o 76 43 BB i) e 0 1 A 152 EL A S AL 4 A 1Y
6 B - LA e 1 A tip-tile 5 22 4 0 2R G AT 4K B 18
HLnp S 2 R B, X PSF k47 8 B A8 46, 4y By 45 3]
OTF 553 (4 A A2 43 A, 28 10 2 57 PTF (9 A0 7 B 8 5
tip-tilt 158 22 1Y pR BOC & 6 0 52 B 43 FU s tip-tilt i 22 1Y
K6 5 X6 BT 52 T 325 0 2E B M R R AT v R AT T 0 A
Y50 UE , I X ALY 4 AT T A M L 1%y 1k AR T A
RMS Jy2.99 X 10 °2(0.0182") , . T 4L 40 7 Wi 1% &
GoxF AT PRI ISR . 5B 1Y tip-tile iR 22 K 7
TR G, AR SC VAR 25 T AL 5 A O B 1 1 R A
B AR e (8 A A, AT ALK A5 O BT B Y dip-tilt iR 22
FE 25 T4 2R 35 rp 43 T T B T /N 15 2 0 B 50 R U
BN EE, $E T tip-tile 152 22 R IRS DO AN
Wi tip-tilt 15 22 B R I 43 Sk RE 0 FTORS PR S By B 52
B,k T RS R I — ek AR R I T, KRR ik
T AR tip-tilt 15 22 B RG0S AR G T AR G B 4
P TREIACR . %7 AT e B8 R s AL
BB RS
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Tip-Tilt Error Detection for Segments via Phase Transfer Function
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China

Abstract

Objective

In order to observe more distant and fainter objects with a better resolution and signal-to-noise ratio, larger

primary mirror telescopes are required to improve the diffraction limit and increase the collected light energy. This leads to

problems of manufacture, testing, transportation, and launch for monolithic primary mirrors. At present, it is hard to

build a monolithic primary mirror with a diameter of 8 m or larger. The segmented primary mirror is thus adopted to

address these issues. However, tip-tilt errors between segments must be eliminated to meet the requirements of the light-

collecting capacity and resolution. The existing tip-tilt error detection approaches mainly include the centroid detection
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method, phase retrieval/phase diversity (PR/PD) method, Shack-Hartmann phase sensing method, and other methods

based on interferometry. In tip-tilt error detection, the centroid detection method is usually used in the coarse stages, and
the PR/PD is used to eliminate the uncertainty of the centroid detection method in the fine stages. The Shack-Hartmann
phase sensing method is separately used in coarse and fine stages, which also involve special-purpose hardware, complex

structure, and unstable factors.

Methods In this paper, a novel method, for detecting tip-tilt errors in a large capture range with a better accuracy via
phase transfer function (PTF), is proposed. A mask with a sparse subpupil configuration is set on the segments’ conjugate
plane and serves as the entrance pupil of the tip-tilt error detection system. Then, the optical transfer function (OTF) with
separated sidelobes can be obtained by the Fourier transform of the point spread function (PSF) recorded in the charge-
coupled device (CCD) of the detection system, which makes it possible to separate the information of tip-tilt errors
overlapped in the PSF. By analyzing the OTF sidelobes, the relationship between the phase distribution gradient of the
OTF sidelobes and tip-tilt can be derived and used to extract the tip-tilt error without the measurement uncertainty of the
centroid detection method, which makes the tip-tilt error detection realized with better accuracy in a large dynamic range.
Simulations and experiments are conducted to verify the correctness of the proposed method. We set up a two-segmented
system as shown in Fig. 2, and the tip-tilt errors are introduced from different ranges. In the small range, we introduce the
tip-tilt errors from 0 to 0. 44 by the step of 0. 008A. In the large range, the tip-tilt errors are introduced from 0. 42 to 2. 47
by the step of 0.04A. In the experiment, we verify the method on the basis of the active cophasing and aligning testbed
with segmented mirrors as shown in Fig. 6. The tip-tilt errors can be obtained by calculating the differences between every
two centroid positions of the images formed by the segments on the focal plane. Through this experimental platform, the
tip-tilt error detection method proposed in this paper is compared with the centroid detection method to achieve correctness
verification. For this purpose, the mask of the tip-tilt error detection module (TEDM) is redesigned, and the original hole
D is replaced with three discrete holes, as shown in Fig. 7. We have also performed preliminary simulations of the effects

caused by CCD noise and figure error on the method described in this paper.

Results and Discussions Simulation results show that the tip-tilt error can be detected with high accuracy over a large
dynamic range as shown in Fig. 4 and Fig. 5, and the root-mean-square (RMS) has the order of magnitude of 10 2,
which conforms to the detection requirements of the tip-tilt errors. Compared with the existing methods, this method does
not need to divide the error detection into two stages and can effectively eliminate the measurement uncertainty of the
center-of-mass detection. On the active cophasing and aligning testbed with segmented mirrors we set up before,
experiments have been carried out to verify the feasibility of the method, and the RMS of detection accuracy of the method
is 2.99 X 107°A, which meets the cophasing requirement of segmented telescopes. The experiment results are given in
Table 1, Table 2, and Table 3. In addition, some factors affecting the detection accuracy of the proposed method, such as
CCD noise and figure error of the tested segments, are analyzed by simulations, and the results in Table 4 and Table 5
show that in order to meet the cophasing requirement of /40 (RMS), the signal-to-noise of CCD and the figure error of

segments should be better than 40 dB and 0. 054 (RMS), respectively.

Conclusions Because of the setting of the sparse subpupil configuration and the intervention of the Fourier transform, the
method in this paper effectively separates the tip-tilt errors of the segmented system in the spatial frequency domain.
Then, the uncertainty of the centroid detection method during the measurement of the small errors is eliminated. The
detection accuracy of the tip-tilt errors is ensured and improved. The tip-tilt error detection method simplifies the detection
process and eases the demanding hardware required in existing sensing methods, and cophasing is no longer divided into
coarse and fine stages that involve separate dedicated hardware solutions. This method can be adapted to any segmented

primary mirror and sparse-aperture telescope system with any shape of the sub-mirror.

Key words Fourier optics; phase transfer function; segment; tip-tilt error; sparse subpupil configuration; Fourier

transform
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