|48 % % 3m/2021 & 2 A/REME

e T 08 25 80 - 5 B BN HE 42 DR % A
15 Br
BT ERRTY KUY HE AAE

b E R A B I KK SO R AR SOEF EORBESERT . TLIR MEAT 2100425
* e E R B K SOB 2 HOR HR S (9 5K SO HARBEFE T, 108 f s 210042

FE GG PR EOR & 92 B OB R T | HE— 25 4R % K SO B 3 PR (R IO M B R>107) 1 %
B AT R R R R DF S A TR A R R AR SO T T R A S B 0T R T — b T 4% s [ O
IR FE BT NG 255 T W S SO PR BOR BT R [l A BE G 22 T 1Y 5% 80728 Al B G A R 9 {8 L o
M i BE T 7R S 1 ST B T AR G A R R A AR R s RE LA BT (BRI Rk R R R ARG 4 A AR A

B2 MR 4% R G b A B KT AR NG /N T 0.4 prad OS5, S R 30 0 R I R SH B2 S M 0 AR 9 Y

HET HIE R,
KA

FESESE Pl11.2 XHFRER A

15l G

=]

FH T2 AT T R S R Y A
ANTFROBE A fE B L B R 4 R AOR TR AL N R X A5
AR A5 A R A U L R A R AR R T
Hesh ROCR EMRTEE . MaTth A b2k ne
W (AN E R Z P g B GMT. 30 m ik 5E
TMT.39 m HE AV eEs E-ELT UL Ach E A £ %Y
12 m G2 /40N e A LOT) Z 8 T AR IR . (15
EICHE RO RE S AR A TR Y TR B £
SEERAS R 1 1 O 1 43 PR R R SR KR R T A
PR FEAR [ R L RS B L 10 JT LA B A HEROL IS
AXTE BB BEEAM R SFAE 1 m DAL Y A BAAS K R
FIRUST 56 M 1 2 AR M LA S A RiG 2 T L DR 8
AR 11 e J I Ay S 8 R SR R S i A 114 S Ak

H R A 42 0 vk B B EE T AR 80k Al
SPEBEE, EER POLARIS M8 F 09 & 07
HEEEES £ E R OMEGA-EP YaM-™ Ll &% 1 [

T s PREOEME; R s SERHTREY s RO 2

doi: 10.3788/CJL202148.0311001

(1) Pico2000 fik i i 46 o6 M- 9 122 68 FH A9 2 T 3 4%
g0k, HARIUS T 8B i s R . SClik[9-13 I Pf %
JEAM A BE VR R TV AR SR AT TR . N T
e 0 8 R D R SO T R O B T R IE P 4
A A A5 R T 158 2 TR B A v R R R OR, B S B At
FHPRHZ R R SCH G B % P #2052 22 90 02 5E i T
ZBLE AR AT A H L 4 EXPRESSO B9 1.2 m %
W RS AR T 1 prad UIN . T 580
H AR R A T 9 SRR B O R SO S e S 3
HEC M 2% SO — BOR SE PR M RS BT . T
WARBUEA T PO S B A S B (LS R
R ZERCE R R 2, K, 3 3 X T 9 Sk guik 17
B0 %) Ak B R B R N7 1 S B R T R 25 1 R X
TAEPFEE R 7 2 b HE AT DR A 00 £ R o
B 5 S, [N 56k T 7 DF 2 G o R e il
JFH 5 90 X6T DY Al A 4 52 e ARG 000 L2 R X 9 T 45 25 118 /)N
HEATRE B TH S A PP AG  BAA R X,

F 5T N B8 B R FH A R I A5 4 2% 25040 B A 3L

Wi HEF: 2020-07-30; 2B HHA: 2020-08-29; A BHI: 2020-09-07
BELTH. BXARBI#ES (11673046, 11873071, 11773047, 11803059) . 1 [E B2 I [l br &4 7 %t 4h 4 16 T #5551 H
(114A32KYSB20160049) . [ 5K H A B} 2% 3k 4 BG4 3k 4 8 5 00 H (U2031211)

“E-mail: jhan@niaot. ac. cn

0311001-1



F£48%E 5 3 H1/2021 £ 2 A/HRERHE

AR — T3 S SO IR E BT s O G215 B . 36
2 ) W 45 K22 WOt sh S e S 1 = (LLE)
OMEGA EP il #f 549 ok it & 4 B 4 S A #) 2
T B A3 AT 04 2 1) [ 25 AR L A T B R Qiao
AU TR B H R (SR LR T 3 T L AR R AR
Ab B AR B AR ST X B 422 A S A
6 B T W 2k SURY B R o A R 2
Takeda 55* F 1982 4F 1 S 42 th i i AR S L
W1 A 2R S5 R Ay OV T e A A Ay 40 A A2
F R o MXE T POy T B A R AT
(8 2 80, 25 B BOGHE A 98 B 1 £ L B 223145
R 1 25 SCEBUBR . EAEEHE T8 2 S0 id i e
SR B AR TSRS AR S &2 B W T TH Y5
M+ 1) 280030 A9 A3 3 i T 0 5 2) 7 4% BB AR B /NS
ARG BB T3 A5 . Bone S5 R T B
TR VA A TS i Huntley SV 42 T 4y
) X 2 8 A SOMAS I e P A5 B T 9 A gLk AT
LI AR A O T e i e T A ik £ 3 A AL A1 A
AR AACE BTk IR R L T T W ARL
8 LI Sl 25 A0 T 9 010 55 6 AR A SR SR Y
Ji 018 B 7 3 P T 400 ) A3 RS 2 X — Ak
R MBS/ TR G 9 P R AR T AR AL
4 SIHESE S 75 3k T T 40 ) 3 2% SCRY IR it T 2L
TS 88 T 2803 T 5 R 22 AR BE T 5 O 1 400 o 4 3 i

SYON RS B 1 22 L SEAR 510 T Ak B0 i B
DYk Ak P55 55 0 J5T o Al B 45 R T A T 2
S 2 AH % T 0 ME DL S B PR RO A 8L
fi Ak B[] P> 2% 20 AR A BN OB TR JEE

Oy 4 i R L e % S b T B A R 2 A A
ARG JEE A 250l 2B 00 T S 8 Ak 1 K 2% B0 A 3K
ZINERE 0 5 A A L R W, AR SC LA PR U AR
(T 2 BOR HER L 3 T X SO0 AT RS A
S TR 305 0k 45 4 8 B 23 B £ R AR iz
PRSI AAT T DFHOCHE Y A8 JE 98 35 3R 22 L R4 Xt
PR C M 2 S8 B A BE R R R BOHEAT T AR R
X e L ik 2% 070 B R 1 4 A B T SRR TR AR R
BORS BEHEAT T 0 M

2 LA JE I N SIS )5 EL

2.1 HHEAMBABRERALEZENXR

DA SEH 47 DF 4 4], an 18T 1 () T 7 G
D FEAESCE . G2 O R B OE A L 8 R A E L G2 Ot
MRS il G2 SEMt S G G S 3™ A 1 S AH P
. G2 OEHEaT B 5 4> 8 230 S8 A A il
way oz R R R O 22 OO B D D A0, L AD,
A0S LR o BhT7 10 BF AR R 22 A I = Bl D7 W)

MR 22 Az,
3 \\\\\\\;

4

1 / 5

BT PR A r R G R R QR A IR . () BFEOUAINR N 2 HUR B8 (D) BFEOUIEE 206 4 80T W R &

Fig. 1 Mosaic grating coordinate system and alignment setup for O-order. (a) Mosaic grating tiling parameters;

(b) interferometer setup for O-order of mosaic grating
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Fig. 2 Filtering region of nine-pixel average algorithm
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Fig. 3 Interference {ringe pattern of mosaic grating G2 with the different misalignments

K3 4yl s 7RG G177 A B T 4%
20, DL SRS G2 43 0 FE A 5] 98 AR ES RAR 3
HORE L LA FBIRE Ar=n A0, fIEIRZE
NG, FEERZ NS, WA LA &80
BTG P AR — B G OC R . T ARIE S
S0 AR A TSR AE I 1 R R e A B e R U
L ADUT AR L it 2% S50 43 B B 1 R AT R B B E

T PEE M ™ A 10 T 9 A Ul Bk B
TR A AR WE 4 R, KRR,
D)X DFE G G T 9 4% S k47 B0 SR B L AR B 4
S T35 2% 200 T H0HE Ab B A X35 2) X T A%
SUHEAT IR A B 0 Rk PRI AGR 340 % A6 S 4 B v Y g
PR 5 3) X T P Sk SO AT AR AR 4 L 38 i LR EOF
4 O AR A 55 R 140 KS W A R A0 A 5 4) X 2 A AR
REAT A L 3 A e R R DA LA 3R AR
ERE S AE XT3 M A A S AR Ak D B 1 AR i
i1, MR G VR O A AT X B O M B4 07 B HE AT RS B

JH I 2% 50 B o Bk Ak B AR X Ak B0 A BE R
P TE SRS B R AT AT AL e SR AR (2) AL
HEFIARLUIR £, M F (AR D 1T
FOUEIE AT 4 80 I A BEDL i e s, AR
L IR 55 8 7 X6 5% S IR R ) 5 AR J5 6 S SUatk A7 B

reference
echelle

adjusted
echelle

1‘-

//-0-1

reference
echelle

adjusted
echelle

4 SR AR B 2R 8043 B B8 ok 1 S50 BF 422 D' At R R A £y
1 Jit i [
Fig. 4 A Fourier-transform (FT)-based fringe

calculation algorithm of misalignment error in the

mosaic grating interferometric technique
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Table 1 Angular precision comparisons for Fourier-transform fringe calculation and the set angle
A, /prad A, /prad Az /nm
o Set value Calculated value Set value Calculated value Set value Calculated value
1 80 80. 14 0 0.0023 158.12 158.2
2 0 0.0105 160 160. 2078 110.73 110. 74
3 10 9.9122 30 30. 1819 254.61 254,12
4 30 29.806143 60 60. 1754 316. 31 316. 40
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Table 2 Angular comparison for different micrometer-head

readings

Angle A0, calibration Angle Af, calibration

Relative Relative
position A, /prad position A,/ prad
/Hni /ynl
0 2.0826547898677 0 0.0463922748852

0.5 2.5352650817527 0.5 0.2938363677108
1.0 3.2253720699421 1.0 0.7203864363864
1.5 3.6734482080818 1.5 1. 7647825563767
2.0 4.3104932903961 2.0  2.1876069811494
2.5  4.7970250631079 2.5 2.5457884447918
3.0 5.3247634717387 3.0 2.9642370964542
3.5 6.0839336768059 3.5 4.0578362957872
4.0 6.4468877209477 4.0 4.4267976178890

4.5 7.2100798579411 4.5 4.7716809875211
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. 8637411020833 5.0 5.0750356366581

al
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oo

. 3067126578060 5.5 5.6737606984746
6.0 8.9699303615685 6.5 6.9679236214245
6.5 9.7252206866609 7.5 7.7812553901410
7.0 10.1178510708594 8.5 9.1578520400525
7.5 10.8112034527515 9.5 9. 8648688552040
8.0 11.5032556769418 10.5 11.3261324212112
8.5 11.9980221823748 11.5 12.0590578283417
9.0 12.7070987520545 12.5 13.5580491207188
9.5 13.2790255460762 14.5 15.0932106198199

10.0 13.8440898944499 16.5 17.0530354239669

11.0 15.2260534149986 18.5 19.2436857344570

12.0 16.3976205258346 20.5 21.3697713075448

13.0 17.6797042539835 22.5 23.5515972589135
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Fig. 5 Relationship between misalignment angle A0, and micrometer-head reading in y direction (A0, =0)
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Fig. 7 Misalignment angle variation under different micrometer-head readings in the mosaic grating alignment system
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Fig. 8 Error analysis of calculated misalignment angle.

(a) Comparison of calculated and actual misalignment angles;

(b) misalignment angle error distribution
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Fig. 9 Interferogram fringe comparisons for slight angle variation. (a)(b) With 0.4 prad difference of Af, angle error;

(c)(d) with 0.946 prad difference of Af, angle error
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Table 3 Misalignment angle resolution comparison for different fringe algorithms
A, /prad Af, /prad

Algorithm

Fig. 9(a) Fig. 9(b) Fig. 9(c) Fig. 9(d)

Peak algorithm 6.31537 6.31537 2.35875 2. 35875

Nine-pixel average algorithm 6.08393 6.44689 1.76478 2.54579

Set value 6.05883 6.46275 1.6929 2.63926

Deviation 0.0251 —0.01586 0.07188 —0.09347
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Abstract

Objective The current maximum size of a diffraction grating is a ruled area of 300 mm (groove length) by 400 mm
(ruled width). With the latest generation of eight- and ten-meter-class optical telescopes and the desire for
resolutions exceeding 100000 for spectroscopic applications, there is a need to produce larger diffraction gratings or
assemblies of existing gratings in good alignment. At the same time, descriptions of instrumentation utilizing such
large gratings are found in the chirped-pulse-amplification (CPA) scheme. To overcome the current size limit for
ruled gratings, a method is required for producing a stable assembly of two or more gratings. The most obvious
choice is to build a fixture that can hold individual gratings in a stable configuration relative to one another and
relative to the instrument where the gratings are being used. The alignment requirements for mosaic echelle gratings
are derived from the image-quality requirements for a high-resolution spectrograph. Several schematic setups have
been used to build alignment collimators of the echelle mosaic. Image analysis, as well as the logging of all data, is
typically important for achieving the required level of noise reduction. The errors of the mosaic gratings can be
analyzed quantitatively, enabling the experiment to succeed more effectively.

Methods The alignments in a mosaic grating are determined by maintaining a reference grating in a static position
and moving the adjustable gratings relative to the reference tile. There are five degrees of freedom relative to the

reference grating: the tilt A0, , tip AG,, twist Af., lateral shift Ax, and piston extension Az. All these alignment

v

errors produce different fringes, so the properly aligned position can be determined by interferometric analysis. In

0311001-9
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order to increase the precision of the angular-error adjustments in mosaic grating alignment, we use nine-pixel-
average algorithm based on Fourier-transform to analyze the interference-fringe frequency patterns with high
precision. The algorithm contains several steps. First, a window function is applied to each fringe pattern to reduce
edge effects in the Fourier-transform calculations, and the carrier frequency is chosen to position the sidelobes
outside the noise spectrum of the interferometer system. Second, we apply an inverse Fourier-transform, followed
by phase calculations, to produce a two-dimensional phase reconstruction of the gratings. Finally, any remaining tip/
tilt errors can be calculated and resolved. By using the nine-pixel-average algorithm and calculating the centroid
coordinates of the sidelobes of the interferogram, we can determine the spatial carrier frequencies with high
accuracy. This technique is especially useful when operating in optically “noisy” environments, and it permits a high
level of noise rejection. In connection with the interference method for mosaic echelle alignment, we have simulated
and analyzed the Fourier-transforms of the different fringes obtained for different angular errors. We also have
obtained the calibration coefficients for the angles in alignment and have determined the resolution and the precision
tolerance of the Fourier-transform-based fringe-pattern analysis in a co-phasing mosaic-grating-assembly experiment.

Results and Discussion In the zeroth-order diffraction pattern of the mosaic gratings, the angular errors A0, and
Af, affect the tilt and the period of the interferogram fringes. Using nine-pixel-average algorithm based on Fourier-
transform, we have analyzed the different fringes obtained with different micrometer-head readings, and we have
also calculated the calibration coefficients for the angles in alignment system (Fig. 5 and Fig. 6). The calculated
angular errors increase linearly as the micrometer-head readings increase, and the linear fitting coefficient is better
than 0.999. In addition, we have determined the resolution and precision tolerance of the algorithm. According to
the error analysis of calculated misalignment angle, we find that Fourier-transform-based nine-pixel-average
algorithm data is in accord with the setting data, and the angular-misalignment error distribution is less than 0.4 prad
(Fig. 8). We have also compared the angular resolution for different fringe algorithms (the peak algorithm and the
nine-pixel-average algorithm). We find that the resolution precision of the nine-pixel-average algorithm is better than
0.1 prad, while the peak algorithm is impractical for use in fringe calculations (Table 2). From this sensitivity
study, not only do we find that the nine-pixel-average algorithm shows better performance in the analysis but also we
verify its high sensitivity for detecting phase variations. All these results demonstrate the usefulness of the nine-
pixel-average algorithm.

Conclusions In the present study, we have devised Fourier-transform-based nine-pixel-average algorithm and have
used it to analyze the interference-fringe frequency patterns with high precision. With this technique, we can
determine the angle-adjustment coefficients of the system. The alignment angles of the two gratings with respect to
each other can be determined with an accuracy of 0.4 prad, and the resolution precision of the nine-pixel-average
algorithm is better than 0.1 prad. This result is entirely sufficient to guarantee the precision required for mosaic
echelle gratings at the telescope, and the work provides a theory for fringe calculations for the co-phasing mosaic
alignment of large-sized gratings. We anticipate that in conjunction with future increases in grating size,
astronomical spectrographs will be able to attain the significantly increased resolution that is very important for
astronomical research.
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