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(Large Sky Area Multi-Object Fiber Spectroscopy
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W T s “E " (Hard X-ray Modulation Tele-
scope, HXMT)TL fin B 2 f #% 38 I 4 K #%”
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Fig.1 Configuration of LAMOST!
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B2 FREEMESRERCIEE. () BYFUR I TR <527 60, (b) B 02 U S 55 <R 1715 (o) in 2 B AmaRIR A « R 181,

Fig.2 Representative space astronomical installations of China. (a) DAMPES!; (b) HXMT!); (¢) POLARS!.
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tonics” XN 1 FE HH < B C&A7AAE, XAEF—&E
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+43 132, HE20194F Gatkine 22 4E K 306 12 4
J 45 (Astro2020 State of the Profession: Astropho-
tonics White Paper)H 245, KRIET 220 7T K&
74T % (Photonic Laterns). 7 $i #% Y i (Bragg
Gratings). J it 5 HF #3(Pupil Remappers). &
WA A%/ T 1 (Beam Combiners/Interferome-
ters). ¥ i X (Photonic Spectrographs).
F M i (Photonic Combs) & K & 4 Al 6+ Hi AR K&
SR, AR, Horh, H S CE oy
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111

Fig.3 Microcavity chip in optical fiber. Based on the
micro-optical comb source generated by this chip, the data
transmission rate of 44.2 TB/s was obtained in the standard

optical fiber communication test of 75 km(t1],

B4 RIOET#IRREY

Fig.4 Growth of Astrophotonics(®?
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ARy B AR B e H A AR S A A B R T 3A
J7 RS S FETT

2 KX FFEARIIK

T T 2T N BT, T R
SRR, B, T, JEE. BEL S
TSRS, TX LT A FOHE A 2l 7T 3] A KR R
ST TS T S R TR 50 2 P i i
S T I B B0k J CEE I R R R T B e . T
SO = R 2 R AR P AR T B, AR
TE BTS00 T2 0 TR BRI th M4 JO Tt i
BRSSO TR AR A A 1 AR 377 T K
JRTT.

2.1 EREFRIERARLZRIK
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JETE R A% O . BREEBOGIE AL, HET MK
6T BORPIE AR (A Af hi kg Gl KK g R as
PRIk R X — 1A 4.
211 HEOBEMERL TR

(1) B T o6
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RIXHTF I AWGK G H R 3 2 50
b R R B RT R A 0 R 20094F, K ] T Mac-
quarie K #Cvetojevicis N F| FHHAWGH i 43 Jif 14
BLE O R OW (32 3 B5: Anglo-Australian,
3.9 m) B8 JEiE L1500 nmid 2100, F 2
RO R GO L N65%. 1%/ 12012
FETE R — 2R e dm b P AT O BT 7R K
1600 nmPff i, o itk 7 3 2 82500, I e [F I K4k
Z B ek B (2 M N L), (Bl T B
ARG W GR~TR) AP F ARG W
(~14%)~ IEARZ LR G B0R (~11%) BB, T
hn b AR R, A A5 AN X R SEIE B RCR
0.03%~0.07%. 20164, & [EMaryland X % f] Gat-
kine§ N\ H| HHAWGHU #E A AEHIK B 3K 13150078 44
JERE 4 (H AR3000), JEHEXT AR T-18 dB, H
AWGES Fr 6 R0 I i 1580% 24, 1t 36 A T
SR L4k & TR A2 W 4R 1 S5 R TE SR R
I 5 = 21 AN B 5 B AR BE T IR 4t (Intervening
Systems) [ 4: J& F= L 5F. 20174, Gatkine®s N\ ¥
OB = 2123% (5250 %= 45 R, R B
I AR R A s )0 R 4R K ] I Macquarie K
2% Jovanovict NG AWGHE B RN B IR 7ES mZk
Hh T ¥ e Subaru FHEAT T R SCSM (B (b)EY):



63 % K X ¥ & 5 #A
(BT HEN ARG ERRA IR, FECRBOLA FRYELR; (2)J63E 7 #13 N4000-5000 (I HEE B);

A BB, BUECER BRI N A, B
RRA B4R = F13%, 1X B+ #1E R 3Ll e 3L

(3) 61 v [l 7 5 e B S H B (4) e i AU ST/
T30 cm x 30 cm x 30 cm.

Bl 5 AWGRHREEPY R AESubaru ¥ im g FIOMAREE R, (a) AWGHEHRREE; (b) SubaruStillgs i, Hrp o T B 4R R A1 fr s
LE, BEEHLFRA-MRLNE, BEEHLFRCORMME, FiEHAIRELNIE, $OEHLFRELNAE.

Fig.5 Schematic diagram[24] of AWG and test results on Subaru telescopel*!]. (a) Schematic diagram of AWG principle; (b)

Subaru measurement results, in which the red vertical line indicates the position of the hydrogen-Brackett line, the black vertical

line indicates the position of the hydrogen-Paschen line, the orange vertical line indicates the position of the CO line, the brown

vertical line indicates the position of the silicon line, and the purple vertical line indicates the position of the magnesium line.

B DL b g BT A AWGHE 15 A AR 1 /MK s
WA HERGN T O ZIRRK AR, =
R O A R R SO SR, A B AES-
10 yriN 15 B SEBR L. 7 46, $EStoll %5 N HU{E B
L& R TR, 161630 nmfft i, AWGHE i AU FH #
713K 15 £ K60000/ S 1% 4r #F 2, HE v RSTY
5.5 cm x 3.93 cmP7. X B IR E X K R G4
FJHEAT RS YE BT G, AWGYE IS ACH SEE & s it
IR

i E E AWGTT T O BIF 9T 32 24 AR TH] [n] i
EIAWGE: i FF R W 5T X AWGHE 18 13 4745 )32 FH
TP 7 T, TR AR 3% R 2404% A1 A K E I
TAER R, WDaiZE #2431 HoAth i a0 o A} B 2 5 4
T A2 AL WA R 5T TR, el A ——%
. 2RI, AWGOGHEEOR B Bt itk b, i 1E 17
i, H AT R A E TR AR OR 9K R E HR
W FLRE ) B v 2 A BAA A5 TAF: WiCheng®5 A
FIFHAWGE Fr #8145 0k S0 ki e B,

51-6

7E TAE B K800-1000 nm i il P4 3Rk A3 16 0 73 5 2R
£12000144.

AR R AW G R 7 0] R T 1 1% 82
X s AWGES 14, A 7 T AZE B Y i 5 B 1ok
TR T AR R T AECH AL, B AT R o
RHEBEF|15000 (FE1550 nmi B /£ 47, HilEt 1
FLAWG I B BUCRAFE 1 % 22 [ 25 R v vk 5] N
72 ) AT S iy B gk 5B 1) 4 R A 1 B R
TS O 75 15 439 R SO o 1 I FH A v

(2)HoAth B B A HUOR IO

BRAWGHL, 145 K & B 4 iU e 1 08
Peth. G RAE LI EA R, XL BARE
KA R SCIAM M e 5%, (52 R I — 52 1
A5, W BB R EM (Planar Echelle Gratings,
PEG). %FME St O, et aniEle (a) i
/RM0119954F ) WatsonH ME i A H T BB
A TR SCHmT e, H—B0E TR PR
1HIEES. T PEGE &ML, 7T LR FTESAS Fy
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%) 2 ANPEGS L B B R e il g 10 ix
BEAS 23 R MR R 3 20, 9 L o =S a0 /0, [R] A
FESIRFE IR /N, 20184F, 32 [F 1 B 22 K24 Xie%
NI T EACHEEF &8 19 B AR B el se 3o
TEWLI, FE1550 nmAb 4 #¥ 2 41300, {730 dB
(6 (b) AR, 20194 IS K i Melati® Al
i 3 T 23R8 R SF 260 um x 83 pumff) A BB
B MO B, BTz FEOB B3R 13 T 4y Wk ok
N800 GHz. 15 Lk28 dB Y140l

b L RPEGSE, & A & 2 KA M H %A
B8 O 1% O g B B FE. 20014F, 1
W& K % fISanders A 3 T H R E R %
M (self-focusing phase transmission gratings)#% &
e I 2 e B, T AE A 98 N350-650 nm, 43 FE
N9 nmbPY. 20144, #B R K24 FE T2 B Calafiore s
NFIH R b %07 F 1 4> B (digital planar holo-

gram)SEIL T AE R — 8 AR Z AP R E
(68 A, K 92604 i, 7E 21 6 A 21 4k
WBE VS 4y #%0.15 nm. L AE 7 %148 nm. O
FRSFAUA2 em262. 20184 in N 3 Tk 24 Faraji-
Dana5 A F] F # 2 [ (meta-surfaces ) t& BURF P 152
T T 760-860 nm 4 HEFE 1.2 nm WA RSOGIE, R
1 mm x 1 mm x 7 mm3. 20204F, #7874 5 K
Z¥Nezhadbadeh%s A 3 T Wi Wk 't M (chirped grat-
ing) ¥ it 7 #£640 nmAb 4y HFF 40.3 nm, AR %
75 nmffE A Y. S A, T 4 (planar pho-
tonic crystals)H A% B AH 5 T A 85, B
A ACE R0, R — s R AT SR, 20154,
5 E T TR R F 1 Gaoss N it T B8N 1l iE %
His 2 HEE 9100, AR 99100 nm 6T Ak
A BT G TE A 156

K6 M LA mmhein s Ee) Lasbat 000 (a) A BRI BEHER B . (b)Sehsh R, 2 ¥R 1300.

Fig.6 Schematic diagram of the on-chip echelle grating!*®

| and experimental results!®®. (a) Schematic diagram of the on-chip

echelle grating. (b) Experimental results with a resolution of 1300.
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THEEMNAOGIEH AR IR BEEEE SN
WK AE 7S (8] (B 1] B4y IR AR, e R
FH 55 e ELAG ' 18 e 97 1R ek 7 528 AR 3145 — L2 ] [A]
FEAR I 1 B, IR P X Sl ) 3 B A A L ON O
Jeitk. Hodr SR G 34 (Fourier Transform
Spectrometer, FTS)/&iX —J8 LA 1 L B ALER,
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FO R &322 5 AR AR R A, HoR
JEREZE N3.779 em, MTIAE1550 nmi B3RS 1
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A 4F, faf 2% B9 AkealP L 1 A0 Y K 800 nm.
PR HEF N1 pm. 47 950.03 nm ¥ 52 ik 8 5L
R, R R LFTSHE S EE & 2 FE 6 v W .
20184F, MR H T [ Kita%s N B 1H8AN H -4 /R
RELT-VAX, 4 AR SR, 7E1550 nmik B Sl 17
B 17 (4.8 nm) Y I 160],

EFXTFTS 77 E AR [ SR A f DGR 2 1 1) &, —
Fhogn 29 b A Lk AR O A R B Y, RIS R 4R
A8 L AR 5 3% 43 (Stationary Wave Integrated
Fourier Transform Spectrometer, SWIFTS, 417
(a) TR 61 Z A LOR /D, FH B AR TAE
A8 B HAF, BERE . SWIFTSH A PRI &5, 2
— Mk FRNSWIFTS-Lippmannti (WL &7 (a) E
B), S R AR S BE, I AR B T A i )
SAPEE, JE ) TGS N7 1) AR RO T BOEE B
AT KR 5 MR AUSWIFTS-Gaborfé 2
(LT (a) T, BB 56— 8 =50 A
PR st i N 3E U T, ARV T R Ay B BT e AR R R )
T8, XA T 818 B L i 2
Ah, B RE R F A ALAE B2, 20074F, 418 K E B
K2 Hle Coarers$ N\ 1 X % T-SWIFTS-Gabor
185 20 S Bk 5L 1 5 3R A5 B U 90 4 B AR 4 ol ol
A, FE1550 nmif BERTF 1 %896 nm. 73 HEE N

4 nm L RERS. FE 2 5, A2 A JE T AN [F AR
I T SWIFTS: 20084F, Ferrand% A& 44
JER BFE863 nmAk 3K 15 7 #F F A5 HKISWIFTS
AL, JF HBG I EOE B E A B PRI
8000631, 20174F, b I B #i 45 K 2% [FINie%5 A 3 T
FAL BB 900 nmAb W ] T 43 ¥ 3 N6 nm )
SWIFTSHEHEAY, TAFH %6 K 1100 nm, & R~
X 0.1 mm?204, 75 55 37 0l & b, SWIFTStf &
P fE, 20204F, i 75 22 tHCFSHE T 24 B 1)
Pohl & A 5E T P8 B A I 50 vt 1 B sk S B AR
HiE A, Fe A BRI, 1% R AR A A B
TAEH 9838500 nm, X # R SHCN10 mm?2069], #
w b, SWIFTSH 73 #F R ] H L T AU ER =
N AN = neff L/ AP Ho ) RAGIE /S HER. AR
F K neff AP A RITH R LB TR
K. BRI, B SRR, T 2 e ol ey 97 17 B
fE5, 3 e K ISWIF TS H A $2 4700001 # 15
Je oy 02 M SR E IR 5 e, 22 HER
A A F10000061,

75— AL, SWIFTSE A i O 454
FINASAH A Bl 24 Bt i bR Q0] Ax 2 7 B AT:
% 112 FE i & SWIFTS, SWIFTSHALLE7 (b)Fr
%[67}’

7 SWIFTSHE RO RN, (a) SWIFTSZR M 5N, e F P B0 1A% 3R OEIA 70 e S 10 T8 SO 3T . SWIFTS-Gabor 5,
PR T T DU R A5 %, A8 S T35, (b) SWIFTSHEHL.

Fig.7 SWIFTS schematic®™ and prototype[67]. (a) SWIFTS-Lippmann principle, the forward propagating light field in the

waveguide reflects and interferes on the mirror at the end of the waveguide. SWIFTS-Gabor principle, two waves propagate in

opposite directions in a waveguide and interfere after encountering. (b) SWIFTS prototype.
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PEGRMES ), 5T HA iR i o7 ik gl 45 #4 B
BEATLES K 2 1F SRR R RL.

B — B X i M TR AR 3R B g K 2R Ok
X, 20194, SBIHF K% Yang®s AN LLCdS, Seq—q) K
LRAE NGRSk A IS i T AR A RHED
FU () T BB T0 A Xk K 1 o7 il 28 35 A — #
T X384 LA A [F] e i 1o il 28 1 8% T AR R
S 1) 655 5 AT RO, 7E 3 K560 nm P T 313
TTom FER KOG HE. 20204F, T AHF SR B,
IR Zheng % N A6 TE 73 W2 42 2 315 nm (68,

55 A QS AR SRR T T BB B TE 4. 2015
4, F1# K ChakrabartiZs A8 id fr 3 0 kL RE %
THI R SRS 50, SR1F I EOBE EIFE 5 NG e K R
XK R, bR AN K B
FESRAF AL 4 R0 B, 3817 ] 1) FH OB PR S AR ok
55 1 e s AT O, 7ESEIl ) A ATT7E 760 nmkbk
A5 T 4> P =R 100 MHz R G509, 20204F, 5%
KW Hartmann®E N GE R B B EUR X 45K,
1£1550 nm. 960 nm &% 760 nmAt 5 #3HKE T 3 nm.
1 nm 0.3 nm ) e il 43 ¢ R0 [F 4, 2T A F
JREE 1R R AN K H M Liuss A% TR i B4
JEZ AL AN B, 753 umAL 3RS T H HOL R Y
500 nm, 73 HEFR L H50 nmAERET . B T Ak
S A KSR RAT AR XS B (1 e 1 i 92 o R e R A R
A 1K B (0 38 K Wi 2. 20214F, B & K %% ) Yuan
e N O MR BRI T R EM, T
556 B 92-9 umff) o 20 4h U B, i A RS AY
N9 x 16 um?B3), [ 4R, WU K 2 K wakS A
TR BRI 1E &, 63 78 [El450-700 nm,
DHEFENT.A nmbBPY.
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Fig.8 The working principle of Bragg gratings and the results of astronomical experiments that represent GNOSIS: (a) The

working principle of the Bragg grating is that the incident signal light (red arrow line) is successively reflected by each structure

of the grating to form multiple beams of reflected light (blue arrow line) and coherently superimposed. The coherent

enhancement is realized at a certain wavelength to filter the reflection from the opposite direction of the signal light!™4]. (b)

According to the observation results of GNOSIS astronomical experiment, a large number of hydroxyl emission lines can be

filtered (the black and red spectral lines represent the measured spectra before and after filtering respectively)!7®,
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— [A] @, 20214F, Cheng®§ N\ %:T 65 &k % 4 0
1l IR 5 RO T~ AR 1 2k 7T 78 o5 J i BORTH 8 B 1051,

BB AT, SR O TR RIE 10 yrf oK e,
CAFE10 mZB w5 A wOWM &5 51, A BAEF-10 yr
PALE R SOV A A3 B sz . H A S A 32 B R X
Fe AR HE it FiMenlo System 2y &) 175 A7 AR J7) 6 1
R

9 LTI Keck TRIEE R A FHLLIMEIEANIRSPEC EBURNGE & T ZMMEHE . (a) MIAO6 TR LA ENIRSPEC i
NEER R SR, (b)HERET IR, BOKX IR SR gL A A22.1 GHz; (c) 1000 sitf, MERET IR FE MER10 mHz0Y.

Fig.9 The optical path and main test data of the microring photonic optical comb were tested on the Keck II telescope’s

high-resolution near-infrared spectrometer NIRSPEC. (a) Schematic diagram of the microring photonic comb and its test optical

path on NIRSPEC; (b) the spectrum of the micro-ring photonic comb, the enlarged area shows that the spectral line spacing is

22.1 GHz; (c) at 1000 s, the frequency stability of microring photonic comb is 10 mHz

[94]
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MR S MO LU, N P — ), = 4E 4R
A R AR A DA B B LS R #% (Discrete Beam
Combiner, DBC)MI& i 4, Wi 11H77R~107. 2010
., Belicevi N B H I 01 HAIHH T B #E R
&, ZT R, BT EE I = 4EHE R AT LR E
0081 Refg W2 AL 5 AR AR I R B 0L i
R, BEE CBOCE S EARIKE, A ]
AN RRE—AFH b, =4 EROE T AR E M T
AT BE. 20184F, Pedrettifs Nl i 0 B 5 LB
JUE B /S FLAEDBC il & 1101 20214, 18 [H Nayak
ENEH UCHDBCHAE R SCU M, Al T2 F4.2 m
147 JE R /R B a0 B 78 HLU BER 24 B R AN 4 4 BB g
17 7RO, B AZ R TE R L, 13 2025 R 5 N
H—E ZEpE,

(2)HF X

HEF WA (Nulling Interferometer) & K 3C &
Xf LGRS S B — Fh SR T B, RAEAR S T
B R I A% Keck T35 43 ORI A FL XL
H ¥ 8 11 (Large Binocular Telescope Inter-
ferometer, LBTIM 1)yl ik H e 24 28 B se il 1
R, Hd, LBTIRIGRZE 53 I =0 b R e
B F 10408 K eck T35 A 58 AR £ 5000018 2
(1 A1 3 18 2R B K R 0T

K10 GRAVITY 3T SFEFI4ERE T AR 80108, ke
B ATREG SRH A S, AR ZE, R IRE 24540 15
B,

Fig. 10 Integrated photonic beam combiner based on
waveguide array on GRAVITY['% Combine the signal light
collected by the four telescopes in pairs and combine
different phase differences to obtain 24 kinds of coherent

information output at the same time.

K11 BSBA R RO 4 Em B R RO BIE A AR T, FREBBI23 R R A (0 T T O A R AE T, B
JZ VA [ B 2 SR 77 (X 3.

Fig. 11 Schematic diagram of the discrete beam combiner°7. The light collected by the four telescopes are injected into the

four input waveguides respectively, and is connected to 23 zig-zag waveguides for evanescent wave coupling and interference. The

upper and lower layers are displayed in different colors for easy distinction.
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B EMEZFETWAXGLINT (Guided-Light Interfer-
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XA, 20214, Martinod%5 A\ 3¢ H DL PO
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WRHAEA R T 1505, In8k, BEE R T %1
K&, BT HNE R B PR A, =R e 4F
Je R G T A B UG AR 2 B2 7.
20154, Valente5F N$& i —Fi kT dh iAo
2T [P0 B A AR SRR AR, LR A X (B A ) 50k
W S R R A X R T RIS B
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ELBEERIN. R0 7 V4 o e B 2% 43
REHN2.7 pm (L2 3MEE KN, FIR, A
KB B LSS ], B 95 90167 0 3t B 04
&, 2,575, 5° [ X [B] Ay 2 1 oz 1122

B 12 TSI O RAOL T SRR R . YR LB
5 N B ROB A T RO, o S & (S TR LA
SEAE T B I T WA AT AR 100,

Fig.12 Schematic diagram of the integrated photonic beam
combiner for the null-eliminating interferometer. The Y-type
beam splitter inputs the signal light into the monitoring
channel and the interferometric measurement channel, and
the coupling area in the middle realizes the interference
cancellation and interference constructiveness of the signal

light under different incident angles[lls].

20204F, NorrisZ51 2342 th — Fp 2 T 74T %
OGF4T 58 I 38 n] 225 AR 30 8§2.3.1) FIR B 27 2] U
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o 8 A [F) 2 FG 22 (1) N\ ' 38 3 6 54T 98 16 i
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B EE FERE BB R G 5T 5 3
HUEAT B0 R B 7, FE TR B2 I O+ 4T
O % T AR IS B 08 9 e v HY O SR T, 75 3
T5.1x 1073 734 5 MR 22 B wl AR FE, JFH
25 WL Y 1 AT DA B —21.6° F 4-21.6°. X Flfk &
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K13 ST e AT R A . B (a) 4t TOL T B MR B, S A ZBOLLE, finth iy O e s AokLr. W (b)4 i AEA
4 22 (BT ) BOE A OGS IAE G240 A ARTH L ARIE. AR T L i AR Az LUROG 00 Z8 4 s IROG B oA i B (b) WT 0, AR T I A G E s 747
SR SRR YA AN R, 45 AR R S 3 TR RE T R RE 4 A S i D A D280
Fig. 13 The photonic lantern realizes the process of wavefront sensing. Panel (a) is a schematic diagram of the structure of the
photonic lantern, the input end is a multi-mode fiber, and the output end is a single-mode fiber bundle or a multi-core fiber.
Panel (b) gives the phase distribution of the input beam with different aberrations (wavefronts), the amplitude on the image
plane, the phase on the image plane and the light intensity distribution at the output of the photonic lantern. It can be seen
from panel (b) that the intensity distribution of the input light under different aberrations is different at the output end of the

photon lantern. Combined with the deep learning method, the wavefront information can be inverted based on the sub-intensity

distribution(*?3],
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W B AT AR (07 U128 SEEAESR, LTAMATIAS  IEIORSN, TR KR P A 4T AR ES. TRIOL, A
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(Photonic Lantern, PL)IX —ff &132 X Jy# 2
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Fig.14 Schematic diagram of the photon lantern
structure!*®?. The multi-mode light is input into the
photonic lantern, and through the gradually narrowed

transmission area, it is converted into single-mode output at

each port.
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Fig. 15 Schematic diagram of eight-channel pupil
remapper('??]. The front end is the input and the back end is

the output, enabling a 2D-1D rearrangement.
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Research Status and Application Prospects of Astrophotonics

TONG Xue'??  LIN Dong!??* HE Jin-ping'?
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Sciences, Nanging 210042)
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Nanging 210042)
(8 University of Chinese Academy of Sciences, Beijing 100049)

AsstracT Astronomy is an observational discipline, and its improvement is driven by the progress
of observation technology and instruments. The advancement of astronomy also constantly puts forward
new requirements for observation instruments. Since the development of astronomy, the requirements
for observing instruments have gradually become extreme, which brings great challenges in both cost
and difficulty. In order to tackle the challenges, a future generation of astronomical optical technology
and observation instruments based on new principles and technologies has become an inherent need to
promote the advancement of astronomy. In recent years, the growth of integrated photonics has presented
revolutionary opportunities for that of astronomical optical technology. On the basis, Astrophotonics,
an emerging interdisciplinary subject, can provide a new generation of high-performance optical terminal
instruments with low cost and high integration (chip-based) for astronomical observation. Such instruments
will play a vital role in space astronomical observation, large-scale spectral survey, high-resolution and
high-precision spectral imaging and other applications. This paper mainly introduces the main research
contents and status quo of astronomical photonics starting from the instruments/device functions, and
briefly discusses the major problems in its development and eventually forecasts its development prospect.

Key words astronomy, astronomical optics technology, astrophotonics, integrated photonics
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