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(Background on Adaptive Optics)
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(Glossary of adaptive optics terms)

N VT ERIG R, AFEESIH 1A 5P M K i e &k 43, 5
BEAT T AR

BB RTEAN A T I TR s, B, EORIE LA PER AT IE £
PS8 AR I8 5 24T 1R .

INRAREERAFAEEOC R, B A EMAE R @il B, XampEn
BRARFATY AT By # 5 2% H BT B O 58 3%

1. —BE%ARIE (General terms on optics)
(1) PET (Wavefront)

SO B SEAR AL T B S AR AL, S0 & AL T I B B, AT OB
B~ I ROGUR DB AT BRI A7 2R AR 1 0' SR I8 AT AT e A2 A = i T

(2) JRTMEZ (Wavefront distortion/aberration)

JSCRTEAE I FE T, FAERA T A (R 388, WUk, A ) 5l
ECHRBHT RAEA A, 5B ATAAE—E 220, BT AL o

HI& R 2 Gt £ R A R BRI IE DGR AT A, 38 RGURME . df5 . R
FERITERE

(3) T (Interference)

PR B 2 A T AR A R AHIE S, BTSRRI, R IR FFEL IR, 1E 5
— L SRS RR SIS, TR AR E SR EE AT R (RIFIB R0 o HiiE 5 (SRS
WA AHERS, JRIEARDN, TER R SR E T BRI S AR, JRIEAH AR, T
B SR A5 15 5

(4) XFEE (Optical path difference, OPD)

HEREAENCAEN T AR TR AT K BE 5/ BT S 2R B3R o AN RIERAR DG ZR 23K B A5 A
MHFRERTAEZER, BRI ZE. XMEREESBERTEZE, MRtk s R —
ANEARI A, TR — IR B, BRARRUBIEMIEE . flhn, 6 HE R A&,
T RS IR A (AR S B AR, sl RBOCFE R AR, A5 E
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FRPHTAMGAL . A, 2RAE LY B AR, i TRV B i R AR e
SRR A, SHERATIRAS . BN TR RS AR 1 — R AR

(5) HE#AEZE (Optical aberration)

XTI RGN E , oG % — AT 73 N B 88 72 (Monochromatic Aberration)
M8 (Chromatic Aberration) .
BRI ARIZ AR 22 BV AE AL F B — I K DI s R . 8 W B R 22 -
P
1) ¥KZ% (Spherical Aberration) : Hi J-i% 4% BRI 110 23 53 15 0 4 4T
JEHIRER AR WEIA S REAEITFE A IME, bR BN
WALE, SEICEICRR—MEMW A, T — AN R R A .
2) EZE (Coma) : FArOLIA M TR, G BH ARG, BRKEA
AN, MR NRUE R, WA REMRE (—kse, — kB HO .
3) ARH (Astigmatism) : FiFhSOGTRKR DGR, FEEBH TR (RS e
FERLMFTED MR (57 r FREEAFRME. Fit,
I WEE & 0N LT S NN = RE R NS 5
4) il (Field Curvature) = — P HEIYIAE Cin—sk40 , @l fiB)m, Hikm
MR IEANTEAE— AP b, T V& AR — A2 iy i b
5) WA (Distortion) : ANFANABARKITEMIL, HESCEYARRITEAR, MEEESH
BLRREE M, o AT e AL R T e AL
DA TP 22 P A R 0 R B AR YA » 1« FRAER T 19 A0 ik R PEHLER AN
HUEHR, I R ON SR8 % (Seidel aberration) o X FLAME % & 2 A E
FRTFEMIE L —, N 7L SEE “miloey” GRHoE ) Priiilr s
SR R R 22 o AT ) AN LR IR AR EL R IR Y
ORI FBARDCEN FUh I RAR, FBOCREZE R AEREZE. T
BEEMEAFEBUE GO SCRIT S REAR, SEEEERDE, ERBLZ™E
ALK ]
(6) Zernike ZIHR, (Zernike polynomials, FBTREZHR)

12



Zernike % I/ PA 1953 4F 3R DUR M) BL220 0 A 22 ) B2 SR BLUK » PRJE 5 (Frits
Zernike) fr4 M.

Zernike ZIWAR—HEZWR, HLEHEAN LT AEAM. 2T E AL AL
W, RAIALARE S, AN S, Bl (KEE) F10 (M) o Zernike I —/N 3 4¢
A FERA 2 IR AL IEAS 1 G T AR SO “BALIEASHE” D
DR bk FE SRR S SR i o (LA R, 88 e 22 T ASUTE BT 58 ) PN 3 4 DX k2 1
AZIR, 38 TE B B PR B EBU A bR R AN B IEAS TR 1

(7) Zernike B3 (Zernike modes)

VT (B WA AL ) AN (A i O 7T IR I AN T, 8 XA A A
ET RN LR, XRE R B AN IE A T R R AT R s i T . Xk
REATAE—A YR A T s MRME S, AR &N RECRRIE
XA [A] [A] H

Zernike 2 W ATAT B #I THTAR 9 Zernike 143X, HA BALIEAS I, BIAS A 02 R4 ik
ML, IEAE, ASHEFY. XEBHETEAEEA L5 5 W AT i A A oL, e F &
RO 2 TR BT HEA U A AR

H WL Zernike HERA -

—Fr (13 . 5% (Piston)

ZBr QWD - KPP/ REMR (Tip/tilt)

=B 33 : EAE (Defocus)  FHa/BEAZHL (Astigmatism)

PUBY (43D : BE/IKFEZE (Coma) « BHE/RHA =M% (Trefoil)

1) TEHENIEHAIE, Zernike AN LI 12, HAA A OR F R Hid

BEATWEAS, a0, Lukas B, BHE AR AL,

2)  TE R E RO A R AR T, {8 3 B B (Fourier modes)”

XU A HEAT 20 i KU A AR AN ) 3 (AT R 1) TR 52 AR 5% R A 2 R, 3T EAT ATl 4

DIRGIEES ) g

3) T REARRRILA AR G ALE S IUALE) o6 RS0, Zernike B2

M IEAS PE AT BEAS P 4% oL, FISRAT “ IEAZ 44 (Orthogonal Function Set) ” 8( [

5T SRR AR BT U AT 208, AR RS IERE L
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(8) Zernike BTN

Zernike 2 W@ I P MEH(n, m)RME— 52 — D2 TR, P IERES n (n=0)
N, AR T 2R R 5 17 R 2 B8 m A AR, jm|<n i 2 LUK n-jm|
MK, R T ZUAAME (RBETED FIEZ/ AR 2R

1) m=0: CREEFRI (B, BRE) .
2) m>0: B 5 cos(mf)FHIIRHI I,
3) m<0: JEHF5 sin(jm|O)F BT,

MFBE(n, m)BLS) B — G § FILFNA R 7. &2 B HE Noll w5 . OSA/ANSI
Y5 . Fringe/ LA ZH K F 95 . 1SO 14999 4i'5 . Born A1 Wolf %5 Fl1 Malacara %5 %5
Bltn, ANSI %55 F1 Noll %5 1 Zernike 2 WU F R~

n m | ANSI4S | Noll &S Rk R
0 0 0 1 1 THZE
-1 1 2 2 p sind iRl (x D
1 1 2 3 2 p cosH gL Gy Jrm)
2 3 5 6 0 %sin20 WG (45°)
2 0 4 4 32 02-1) A
2 5 6 6 02c0s20 WIZAGHEL (0°)
-3 6 9 8 p3sin36 =ME (FEE)
-1 7 7 8(3 ©3-2 p)sind WIHEZ (y 7D
’ 1 8 8 8(3 £3-2 p)cosh WIZHEZ (x TR
3 9 10 8 p3cos30 = GRAD
-4 10 15 10 p 4sind6 VA EE CRHAD
2 11 13 10(4 p*=3 p?)sin20 ZHr R (45°)
4 0 12 11 5(6 04=6 02+1) IR ER 2
2 13 12 10(4 p4-3 p?)cos26 —FrEEL (0°)
4 14 14 10 p4cos46 IS E =)
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https://zhida.zhihu.com/search?content_id=241327356&content_type=Article&match_order=1&q=ISO+14999&zhida_source=entity

9) HYEEE (Point spread function, PSF)

BB R G T B U2 2 B AR Oy — rOGIE CR IR BT 55/ I, HAE
B e A, WREAY R R

XAME R T B RS mhhed i “rhdima 7 (Impulse response) , B4k VLR
A (LTD RGHANA—MiEi k3 (Delta s%g, WA ETE5ED B, RSN 4% H RN RS
fry et R B AN A SRR B 1R 06 A R G 2 (R W SRR T v R SRR ) S 2
PRI AN AR 22 55 (1 B [ o S A

(10) K5  (Atmospheric turbulence)

KA R — P BB F R B RAPE) R, . KRS )
OECRER ) N Garak (BT 2 /S P vy NG I R ) | Va1

KA I AR LE XS S« P IR LR 72 K b (AR B8 = AR — @ T HEA . i, K
AR T RS SATS R R AR, B R AR RO ARB ATR AR R, FR IS B T b
CRICHMD « @EEERE (BOBEE) 5.

38 ' 27 1 — RS FH A A R A R i o D' A S R0, S T AR &

(11) #T5H% MR (Diffraction limit)

TR R 8 — AN AR S B R GRS, BT ATST BRI, A7) RefS B ELARE N,
TR — AN BRI BT R . i, — ADNEARAOCIERIR, BT AT R R, R& ST
BHETERE—ANSEIE (Airy disk) , TIAFZ . LRI BEAR 5K @SR,
L RANEF A K.

2. ZIBEFHFAIE (Terms on deformable mirrors)

(12) 74 (Deformable mirror, DM)
i B, ARSI A VSRR, AT REWH N, XN CFEEIR .
@M BT, HERHREE e 1, AeRAEENEA, WP, Mms. s,
(AR BRI B AE AMBAE 5 CAnT D IR R AR AE R 3AE, 17 HLAE I A8 & AT LARR 4
PEb BRI RN A3 A HEAT SR IR, TS BT SRBAT B, flln. 5 R R
(Piston Corrector) . JEHAEEL (Piezo-electric DM) M JEHAF /4% (Bimorph DM)
AR BE (Voice Coil DM) 454,
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(13) 3% (Actuator)
F AR T R T = R TR AR ML B 30, SRR “BATHR” . “I2ahds” 4.
B, WA 4% (MMDM) K FH BAR i BB S B 7= A2 A%, TR s AR T 4% (PDMD
K AR B T AR, XU AR I8 (Bimorph DMD S FH XU B {4 T T AR 4%
TEERAZ, £ LRGP A3 “HIzhas” , BnEma 2R E, FIH
AN RPN REIRIE -

(14) BHBEEZ SR (MMDM)
BRI —F, HEL 444 Micro-machined Membrane Deformable Mirror, f&##k MMDM.
AT A TR, T I VR TS g R (Y e R, | S R T 7 AR AR, AT a2 38 TR AR A
ff AR RAFHE T K22 (TU Delft) 7 Gleb Vdovin #4% T 20 tH:42 90 £ LE [E PR b3
SR RSSO LRI L 25 7 SO LR AR T 8 R 1L 1 4 = OKO A (OKO Tech) %
SHARBAT AL, BROKHBAES) T AR T A S & R S BRI ORI R o

(15) ERZHEE (PDM)

BB —Fh, JLL 44 Piezo-electric Deformable Mirror, fij#% PDM, I E 4T 2544
BOAE P E . MAPATR I B ER, BT RN, EEME AR, Wl RE
TEAZ WIS S B H AT 45

(16) ZFELEIEH (Channel)
B AR AR AT 2 I B . B, ff 2% OKO A A] A= [ — 3K MMDM A 37 MAAT #5,
WHFR N 37 BB T H .

(17) BPATHRAFEZ (Stroke)

BLE AR B R PAT A BRI P ) B N O RIPAT SR 4ERF F i s ), eI ™
RN B . Blfn, fif22 OKO A F K] PDM HAAT & i KTERBEL N 8 flck, Wil %
APHAT AR IRB], AT LA B KR R AR

—BORUE AL T B T O L B A BRAT AR T S22 B LT SR LR ELBOR, R AR
By AL T AR TR BIL G AT S T 2 B A R D, RIS R K.

(18) FETAKIE (Wavefront modulation)

LR AR TG, AT T g, WA OGRS . BT O R — 1,
BT A2 B AT ) SOV B AR AR R 2 £y BN, FEAR TR RS BT AU AR 5
10 0K, TR ARG SRR B D 2 B R i il 2 20 Bk
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(19) BHE AR (Mirror deformation)
AR T AR A T ARG T LRI AR T T 1R SEBR ML AR AL &, R TR R T IR BT AR

20) BEE R AL E (Maximum deflection/deformation )

AR i KA A8 (R AR T AL TN AN R SRSl IR N, BT RE ™ A iR KT AR B (%
PRIGIEELIE) .

XU, i H G e, @il ra EEhas o soC B s, W]
iz P KA .

TR S, BT HUgES, BRI 45 Hra 203 as 500 ok
Fes WG B0 e B K BB Wi, BTty LAY 10 7 SRR AR BT 8 T F (G
WZEInEl, IR NTE 2D, KBRS BT AR TR IERCR . i,
XTI AR, — FBOx O 7 BB ) S50 e 0 A fL T TR R ) S50 i it 2 H
(BH R ARG RN BRI A A4 & Fo AR I AL T B Bah 4 10 22 e 1
ATHAE -

21) L& (Aperture)
BRERE BT RESE NN ERS CIFRESm) 803 KR~ GFFKITES
M o« %A EEALEE 10mm, 15mm, 30 mm, 50 mm 2.

(22) T Ot%) BB (Wavelength range)
IR A2 A TV B8 B3 11 e % A7 80SR G IRRC YE L, 49140 400nm-1000nm, 400nm-10pm %% .

(23) ¥ FEE (Initial flatness)
AT B MGG R BE TR AR TR B AL AN 0 F R I, LSRRI )~ R B o 5 B8R T W46 TR Sids
P B H BRI Z{E I 73R (root mean square, RMS) {H £ IR .

(24) WIFFFEE (Closed-loop flatness, Active flatness)

FE B IEROE S R G, TR P AT A% Jes B At T BOG AR 45 (0 B T AT AT B 4
WRONBEL T BE T o #0075 AR T B B I A1 48 52 B N P AT B2

— AT TG T B BE T IE J L AR EL BT UROK, (HA T BUE, H PP 4 i mT
PSR EEJUAGOK. KWL 7 ARTEEX T 5 SR KR IERE
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(25) % (Hysteresis)

—MAEMEIL R, LT R AR BEEAORLE, DRI R e g IR

PURS AT #5801, T A7 AR, AR TR B AT & AT AR B AU R T 24 Al I 21 e
MEEE, S5 EBEEAR, FHE—BESEARKEE.

F e RGP G N EN:, B B & RO RS REIE i — € 5o, JeHX T
HARGFEIE R AN T IR RGN F, KR RS A Wl 8 A 8« 5] RG AW
FEFr AT ARG T, B RAR] DAAEAR R b A I s P B 1 e FR) S 1 o

(26) -F+BFIE] (Rising time)

MR AT B BT B 0 ) R, AR R R () R, TR R — B[] (il
JINZER) ARl RmA&RERSE . BB — RIS R AL B N B T A = 1 10%
F) 90% T 75 FrIET [ o

TR IE] S AR B ] SR B — AN R ECE RGUTE SRR T 7 A e L 3 R g, 2
RGBSR — AN EESH, WS RGERIRGHIERE . 79 5% VK

(27) #2EBFIA] (Settling time)
22 “ BIHINIA” E S, RasE I T HE NG AR TR i N4 1) i S T4, L3R TR BRI TR AR
FEAEE XV E N (BN, HEFEER+-5%JaE N ) Bk i E.

(28) MR [E] (Response time)
M J5%7 i 1] 5z e P A2 2R S e R T B2 PR PR . FEAS R 937 & 0 BN S0, A s de B,
Bt e iy m], 75 EAR Y B AR T

(29) F£IRHFE (First resonant frequency)

TP R IR, AT A B,

5 BT TA] . AR E AR, IR SR AR T A i R . (BB E R,
AT B LR 2 3 BB A AR e B T B, DR AR TR B K AR AR — R T H LR A
B, ARG SRR T DUA B kHz B4, HSEBRM TAESR (s a1
B Hz, ek BRI R, F 2 U Es f iR .

(30) £ E (Linearity)

ARV 0 ek P — R AR T B 0 T A B 5 4 1 LR 2 TR 2R M RE . X6 T MMIDML, -
BT AR B S B LR (7 5 R By X PDM, S2MAZR R 10 IR 2 3 BRI AR,
FELR 0 2 0 AR T B AR IE R = AR50, PAIRR R G0 v LAS@ I PR SRR« I iX Pl i
I .
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(31) T/E# % (Operational bandwidth)

T =N RE, SHNGE SRR AR, Kol CWREE. A5 de
B 2 SO, R] bt S P ORI AR AR S T 28 R 7R B G AE AN RIS PR FEE RAH 57 A2 4

RGN AR TR A2 2 PR R FH o R Gu s mT I S BRAE A A5 8L R e Y [l . AR T B
{10 A i R A A B 425 F1) DX B 3R 0 R 6 A R R 4% 155 5 D ATV TR, R AE 17 3
BB A7 250 1E B A5 I AT W A% (R AN Y 1] o AR AT B 8 AR TR AR I IR AR e, AR T
AR AR LR 225 R L R LR T B I e 2 PR e e P R AR, 2 S B RO 2 R X Bl
AR EEE IRz —

SEBRRLA Y, AR R 1 LAY 58 AT F-3dB Al TE RN, BIAR TR B I FE U IR A
ML 70.7%H CRIZ AR GE RO ARSI 1 — ) Frnt B i 2 e o

(32) 4K % (Influence function)

HIE RO R A S, SR IR AR T (R A IE 7 5 L | vl R 2 (] PR 8 R R o 1E
H IR 5 R G AT W R IE AT, — BRI T B i s e R A, g s o R S TR IE
B IAR R, TESERRRIERT, W DURRYE S0 bR BB TH R T B i e R s S0, AT IR AR A
1k

(33) IRE#AE (Bias operation)

PRI 5], MMDM R R e ) R 5 ) R AR TEAR, P A MG R . AT &
P EEAE, R desy RN — € i (BB R Fs il U (K — 2 ), {84545 T A ) v
R E—EMIEAS, I LA WIAEIRES . o S bl el s e, JERR A mT DA ) IE S 7 1) R AR
WA AR o

3. WKBETEREEMIARIE (Terms on wavefront sensors)
(34) PiHT4EREEE (Wavefront sensor, WFS)

FSRM AR B AT (BAED) B2, & FUERDLS KRG M E B 5 10 % &
%47 Shack-Hartmann 35 AR A . DURHEBC AT (%8S . IR BT 1R 18 55

(35) VBT B8%48 0 (Wavefront Sensor Interface)

VI A IR B 1 P U A A IR 5 At R SRl AL R4 B 18 A5 A ] 1 4
B WE . B EASEE R s EERE N, W USB 3.00 LURMEEH (RJ45) .
CXP 5. i IXEede 1, AT B BE 8RR 4R B A6 27 B A B S A% 4 3 1 & RO 27
PR RGBT N, HEEREAT AT AT PR AR IC R A

19



(36) Shack-Hartmann ¥ 5 f4/%2% (Shack-Hartmann WFS)

Shack-Hartmann ¥ B A& &R AE H G RO RGBT 2, Hahk — B 5o 5 121
(Microlens array) FAHHLFEE 5

TOE G P A1 22 1 22 AR 4% B 21 XS S HE AN TR B 06 2 o i, HLas i 2R LT B
BRI . B —RPATRE BN BB GRS, & — MBS A OGIE R B AR
Mob RSP B HEFIRN SR GTRERE S o a0 SR NS DG BT P AR I AR, TINS5 21 g
BERIGETT ) R AT AN PR SR B R, AP IR RS TR B2 A B2k . BRI, R
P IHDCRERE S TEARAZ A, 5URT DATHERE NS 0 B Al A AR A

AHBL— BB T oE 5 ME ) i AE~F1H, SREUEEF DG EUR, H T 5 St S o4
SUSEIN

(37) BEHTALIRE: TR Bt (Wavefront Sensor Wavelength Range)

TR A IR 1) AR U B A A e AR AN [ 38 K Y 2 1) RS & 8 A S A B
MR B, R SR FH AR S R R R A, IR MR AR AR S S IS L, AT
5T FLRENE AT R FEE I8 A 1 B K R

(38) WRIME RN ENREE (4¥%E)  (Wavefront Measurement Accuracy (Resolution))

A TR RS DU RS (A% 0 JR 22T Shack-Hartmann F7ACKE AN AT B B2 5 4 3% AT
FARL AT, ey Al R B I & AR DG A7 B RS o FLOCBEAE T 38 I 028 55 I 471 K N S 3k T 201
NENT X, A TEGOR R SRR E N — AT HRATAAAEIRAR, K-S BOCTE i 2
PHARGL R, oA B RIS 1 i A SR AR AR R

(39) WEEAE (Number of Microlenses)

PRI AR AR, NIRRT @B G FE 5 73 58 2 MU T 5UAR, B T @ Bk B
DX S5 PR ATV SR — AN B, FERUAREARNLAER I #S b o 3@ R # A BORBEACRE T 48
i, ATHfE 2 5N ENROES AN S — U7, R ARYE S B R S 1 [R] B DL R A S BT
(A RORSTBEATAG B, DT 73 207 B B 51 2E 0T 27 ) b e HEAT 0 S A4

(40) HIEE S (Microlens array)

5E XL “ Shack-Hartmann 3 Fi A2 4% o ROEBIRES— o IESCHESI . NUEHESI &5
Ko PUEBLFESH AT T BIERES, AT IHERER . BT R Rk
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41) HEEBRIEE (Pitch)
AN E S PO 2 BIEEE, —RERCK. Z2KEH.

(42) KFEH3R (Sampling frequency)

TEHERDGE R G, — ARSI ECAURE (bR, BTsE) , IR BAOY IRk E
TN — I ZI 65 5. B, SRR — AR A BURET A . % T Shack-Hartmann
BRI IRAR T &, HORREIER — s TR G F LB RET i

(43) TR /AR, (Absolute mode/Reference mode)

Shack-Hartmann 3 B 4 &% (1 480 B & NS AR T-PAT 6 i 4axh e vy o AT 1%
I BRI PATRIHE, B BT ARRR o SEBRIIEL I, PSP ST, BRI 3k
IS BE R ) EBE UG 515 BN G643 ipt 57, X 75 B st B BT H S H N

Shack-Hartmann I 5 1 825 R R AR 3« 052 NSRS AR ST 3 — A2 28 % AR R AR o U i
Al 2] R AR NS BRI, e R IR B B SRR A AR, I
AABR LB NI TH S % AR s 45 SRR OB B2 B DG AR AR 5 5 % ARAR LEAL, AT T
ST BIZ 15 558 6 2 18] AROAR X AT A8 A o DRI 75 5K PG A B S A O AT AR A

4. HEBERDEFZRZHFIAIE (Terms on closed-loop system)

(44) A EENIE¥ERS (Closed-loop adaptive optics system)

KR BERBOCRKIPERESH (AN AT A . e PR B SS) , IF LA Ak S
SR AR IE SR G T . B, H R P E S RO R SR H Shack-Hartmann 3
A A5 ST B U Y SR B U AT I A, 40 I S SR AR TR B KR S s SE I I i I AR
FRY S L TE

(45) THHTAEN ¥ RS (Wavefront-sensor-less adaptive optics system)
555 RO RGN, T AT USROS R G AR R AT A, A B A
PACEA Bhr g iz B . mip e EES) NEM, BEHARRE =R,
T AT AO REGEMFE H AR B4, (B — MR E L ORI RER S R E, Rt
BN, — P T RE i LA R v A AT AR P B

21



(46) IR RGRIFTHZE (Closed-loop refresh frequency)

TEPA HEROGAE R G, B G0 RIHT3E — FR R T < I A B B B R I 2 (A
ML BT o Pl SR A BRI . A TRE ) SOV LA

BEEHLAS LD Sd AL R R, BIRTIRIE k2L TR Z Al e ok, K
U3 TS S R RGBT A AR v LR B AR 2. T 28 (AENSPESR ISR o 2188
FER AR THENL, FOE ST DU R . TR B K 0 AR SENUY AT
BT, ZRILIRMF ARG, HBTRIEAR R 2 A MR . FOEERES . 8. 22
B = & BN, WRIEAMIEE, REMRIHAE — BRI = PR/ .

47) REHFHHE (Closed-loop bandwidth)

FESEPRRL A, 6T B & R R G IR 58 AN A 52 S

— i SR IR R G0 5 S5 F T RGBT, RETEHHIRES &
KRIFAZ Sy 500 Hz, WA NZ RS0 R 589 500 Hzo

A TE SN, G RG22 G0 1 PR 5 B 2 i 20 88 L i Y0k i R A0 ke 72 T 30 1 3 1 4 e
A5 CEURAZIERTAE) (1) 50% Tt L AIAIEE, A RRON-3 dB 7 5E. B, HEFIER R GuhlE A
#4500 Hz, {HAXRERLIEALEAT 10 Hz A LR fAI8 Al i A8 Th 26 A B JR AR E 1) 50%, [FIGi% R
Sri¥ P FR A 56 10 Hzo

BEAh, PR B B R RO IETT B . PRI 9, DRI TR ZE4T X AN [l 3 e kAT AL
PR3 HT o
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M. B&EMGHERFERTT
Design of an Adaptive Optical System

J73C: Flexible Optical B.V., The Netherlands (OKO Tech)

B RIVEEI, 1525716 7514, info@inspiroptics.com

Phase Conjugation (FH73EHE)
The optical scheme of a phase-conjugated AO system should satisfy

the following conditions.

FOZILHER B IERDEF (AO) RGN 2 AT 4 A

(1) .The optics should re-image the plane of the mirror to the plane of the Hartmann mask
(or microlens array) with proper scaling. An example of such an optical conjugation scheme

is shown in Figure 1.

T RGN DL 4 1 LR S S 1 T 2T AR B e Ry 2 R (BURE SRS 51) -
Mo IXAEAILPETT AR Bl 1 R .

(2) . In a similar way, optical conjugation should be provided between the DM and the

source of aberrations.

Flhy, AEE (DM) AR IR 2 18] B 3BT .

(3) . In a similar way, optical conjugation should be provided between the system pupil, and
the tip-tilt corrector, if any.

AU, RGN BEAMBRH LS () Z RN ZE 6 A ILHER .

In general, phase-conjugated AO contains three planes conjugated to the pupil: the DM, the

WF sensor and the tip-tilt corrector. Each conjugation requires a telescope, and each telescope

introduces additional static aberration and scattering.

—RORUL, MALIEHER A0 RGEE =B NRILSERF 1, B DM, BT (WF)

PR A BRI IE 4% o RS IEHEH 2 ()4 75 22— DN Em B, SR Bm BBl 2 51 A3
AT AR ZEATHIH -
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f.

L2e—L

f2

fi

L1C>1[-];

Reference
Laser 0 0 l] (normally blocked)
L

— Y

Object

1. FJH Shack-Hartmann 3 A /% 28 M s S 6 2= F il &7 €. CL RKondEE#AS; Ly
Lo 2 fERR S A 1 A £ FIESE; WFS ST B

Typical measurement scheme for testing of reflective optics with Shack-Hartmann wavefront
sensor. Here CL is a collimator; L1 and L2 are lenses with focal distances f1 and 2, respectively;
WES is the wavefront sensor.

To reduce the number of conjugated planes, OKO fabricates MMDM15-17-tip-
Tilt—special deformable mirror mounted on a tip-tilt stage.

T > A0 RS HEYESEH A E, OKO A HiliE T —Flol A8 T4l B 4 2 S iR}
& FiH AR —MMDMI5-17, X2 — MR HAR T 4.

An important remark should be done regarding the use of micromachined membrane
deformable mirrors (MMDM). As the membrane can only be pulled by electrostatic forces but
cannot be pushed, it should be biased to provide deformation in both directions. It means that one
will get much better results when optimizing the mirror with respect to a sphere, than when
optimizing it with respect to a flat surface. This sphere should be taken into account when the
mirror is incorporated into the optical setup. The optimum radius of the bias curvature can be
evaluated assuming the mirror flexure to be in the middle of the range.

FEASE F SRR I A2 T A5 (MMIDM) I 5 B2V E . | T IR R el i i s g sl A e
R, DRCAERS HOGRE I, N Z0E Infi E PR E (bias) fH A AEBRIE AL, A BEAERR IEIS 3R 45
HERL PN JT 1] L FITEAS o At A 10 B T A 46 T 277 A2 LT T AT 6 T SE A RS IE IR 4E
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BT FNE B REE, 1% 25 FE 2] MMDM 4G ERTH » R MMDM [1)%85% 17125 it B 72 48 A )
RN AT DA 55 HE e A P O B PR R 212

Imaging | Reference
Control PC CCD system .

e

Hartmann ' \/ B
| eam
mirror

2. WA E GRS E T 5
Scheme of typical adaptive optics setup.

The typical setup for functional feedback loop is shown in the Figure 2. A high-quality flat or
spherical mirror can be used as a reference. A concave spherical mirror is preferable for the use
with MMDM due to its biased operation, and a flat mirror for PDM systems.

TR e 5 [ B B 1] 2 oS o AT RAFH — A v SR T T R BRI T B A N S F 1 . X T
MMDM, i F M ER B A S F 1 (5 & MMDM [k &): xf T K A5 (PDM), —

R R (ESET

2. FrontSurfer in the AO mode (FJ FrontSurfer #1447 AO HI3F X 1E)

Closed-loop correction mode is implemented in the version of “FrontSurfer” for deformable

mirrors.

KH “FrontSurfer” B HBHEL, "SLH AO RGHIFAKIE.

Before starting closed-loop correction with a deformable mirror (DM), the mirror should be
properly configured. “FrontSurfer” supports standard OKO’ s ISA, PCI, USB and ethernet
interface modules for deformable mirrors. Configuration files can be supplied for standard OKO’

s DM types. It is possible to integrate “ FrontSurfer ” with a non-OKO DM interface by

developing a custom plugin according to our specification.

TEA$ FH DM JEAT A IE 2 R/, RNZEAEH IERECE DM M X340 “FrontSurfer”
3 -IARE ) OKO 1) ISA. PCL. USB LUK HEH %] DM. OKO 1) DM — &)
B b B AR E SO . BRAMRIE ATV, A AT LR R — A E o U,

“FrontSurfer” 53F OKO [J DM #4174 B .
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2.1 Calibration of the AO (AO RZRHE)

After the mirror is coupled with the wavefront sensor, it should be calibrated.

MGG BT R A e, & EIATIRE ().

The calibration consists in the measurement of all Shack-Hartmann sensor responses
(displacements of spots) corresponding to the actions of the actuators. These responses form the
influence matrix of the mirror; we shall denote it as A. Calibration should be performed after any
change in the optical setup.

FERGERL AR, FFIE S DM SR EEhas s/ EAIXS B2 Shack-Hartmann 3¢ i 1% /&44%
o SLRD T RS AR ) o IXLEME N R B DM RIS IEAERE, BRAT RN A LR E Kk
AR AR LU, # T B AT R

Before calibration, one needs to make sure that:
1. The DM is optically conjugated to the WF sensor;
2. The pupil of the system is optically conjugated to the DM.

WHERT, 75 ZEAIR:
(1) DM 5 WFS J2 340,
(2) ZARSGNLE S DM L3t

The first condition is extremely important for the stability of the feedback. Bad alignment of
conjugated planes causes geometrical distortions and movement of the beam on the WF sensor,
resulting in an unstable behavior of the AO system. The second condition is important, as it
defines the final quality of the AO correction. Conjugation between the DM and the WF sensor
can be checked by introducing tilts in the mirror plane. These tilts should not cause any movement
of the beam in the sensor input. In the HS response one should observe only movement of spots. If
the conjugation is correct, no new spots, caused by the beam movement on the sensor input,
should appear with the DM tilts.

%A (DM 5 WF H:80) X it RSt e PR L E 2, PP A R
2 WF BRI L WA RO R 25, SEAO R faw. & /&M (DM 5 ANElL
i)y WAREZ, BFINEHRE T AO KIEM & A iE . DM Hl WF 1848 2 (8] 38 my DUt
TEBE I 5] NIRRT A o X SR A B 5| R B 2 i N o e R AR 23 X T HS
fEIEES, Nz R M BDERE 2. WRILPEIER, DM MR A 2 H I R AL I 28 40 N ity
HHR A BT 5] L T B

After the pupil images are aligned and conjugated, the reference spot pattern, corresponding
to the ideal performance of the AO system, should be obtained. The method of obtaining such an
image depends on the AO system structure. Usually it is registered by injecting a diffraction
limited reference beam into the the AO system in such a way, that all internal aberrations of the
system are accounted for in the reference image. In the Fig. 2 it is achieved by blocking the DM

arm and registering the spot pattern obtained by reflection on the reference mirror. In
practice,obtaining the reference image that takes into account all the internal aberrations of the AO

26



system can happen to be one of the most important and cumbersome operations in the whole
process of the AO system alignment and calibration.

FEXS AN B R HEATIUERI LR JG , 5 PR ESRG S H . 2SS H RN IZ S
AO RGHEVEREAHXS N W 3RAG S HE IR T A0 R . 0 H Mk 2 — AT
WIRIZHE RGN A0 RS, HARGHITANHEERCEAESHERG . £- 24,
i P DM DG Il sk @R ME B SO RS RO % . fESEBRR Y, SRBEE A0 &
G WEME Z 225 KR AT BE S AO RGHE 4 id 15 b i BB EH BRI ) A E 22—

After calibration, the influence matrix A is subjected to singular value decomposition (SVD)
A = USVT [1]. The columns of the matrix U make up an orthonormal set of the mirror
deformations (modes), and the values of the diagonal matrix S represent the gains of these modes.
Discarding modes with small singular values improves controllability of the system [2], however

can lead to the accumulation of errors that are correctable by the mirror, but excluded from the set
of SVD modes.

R, XmERE A BATE RESE (SVD), Bl A=USVT[1]. HFE U KI5 &
—HPAIER BRI A (D, X AFEREE S AR AR IR LE RN 2 . & 57 A
BN IR R G EVE[2], (HRSSBURZEMR . RLRZZAT M TR L,
HEE &7 BN T R E TR AE SVD BUER & 2 5.

The “FrontSurfer” software allows to visualize the modes and singular values, and to limit

the number of modes employed for the WF correction.

“FrontSurfer” Jt FL VLA EF B AU AT ALAL, F LABR] WE A2 = R Y s 50 (B2
M RGN ENE) .

'

<1E-4
]

5 10 15 20 25 30 36

v ignore rmodes with singular values < (0001 ok

I ignore modes higher than |34

| Cancel
37 active modes

Kl 3.37 @i MMDM M7 18
Singular values of a 37-channel MMDM.
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Experimental singular values for a 37-channel micromachined membrane deformable mirror
are given in Figure 3; first 20 SVD modes are shown in Figure 4.

37 @ TE A Uk R AR T2 BT (MMDM) i i SE 56 I 45 19 23 S AE a0 & 3 Fross | 20 /N 37 5+
AR E 4 Fis .

K 4.37 @& MMDM IRl 20 A SVD iz,
First 20 SVD modes of a 37-channel MMDM.

“ FrontSurfer ” perform wavefront correction in a series of iterations. If the residual
aberration ¢, at the nth iteration corresponds to the set of actuator signals X, then the actuator
signals at the next step Xa+1 will be given by

Xn+1 =Xa = gA'¢n,
where g is the feedback coefficient with value in the range (0..1], A~! is the pseudo-inverse of A
givenby A™l1=VSI1UT,

“FrontSurfer” i#id — RFIERBEAT AT . WERE n YOEARHIRRAGEZE ¢ T

FEhEESH Xa, W —EPHBEIEE T Xea Bl PG H
Xn+1 = Xn = gA_l(I)n,
Hrh g RAEAEIEHE (0. 1JNI 5 RE, ATRH AT=VSTTUTS ) A Dbl

The target wavefront is defined as a combination of Zernike polynomials, and can be
manually controlled during the correction using arrow keys of the computer keyboard.” “Left”
and “Right” switch between Zernike modes while “Up” and “Down” control the amplitude
of the chosen Zernike mode. Examples of Zernike aberrations with the maximum possible
amplitude for which rms error was less than A /14 (Maréchal criterion) generated in this way by
50-mm PDM with 39 actuators are shown in Figures 5-20.
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HARERT A8 Zernike 2 WG BEAT € 3, I H AT DLERS IE IR A - Sp L g
BIOFLBTaEM. A7 . “A7 B Zernike MR Z [HYHR, ¢ L7 1 <R B
Hl ik Zernike ML AIHRME. K 5-20 B7x T 50 mm PDM (39 ANEEh2%) LA Fh 7 2072 A 1)
BRYRIE ) Zernike 522, HA ¥ iRZE/NT A /14 (Maréchal FriE).

K 5. RGHgaEAR (ARG BT, BOTHE. githaly . WETED

Initial aberration of the system: reconstructed wavefront, simulated interferogram, simulated far
field, and registered interferogram.

2 s
10 158
000 00
i -158
-2 =35
%z -t em T ke % -ws . op B 3Ts

K 6. B T4 R ONARIA . BEEEA. BUTHE. By, WE T ED

Flatten mirror: reconstructed wavefront, simulated interferogram,simulated far field, and

5

registered interferogram.

K7, PEAERRIE N 7.6 pm IR (Zemike T Z[1,-1])
(MBI EEPAT BT R Sflixl. WETwED

Tilt (Zernike term Z[1,-1]) of amplitude 7.6pum generated : reconstructed wavefront,simulated
interferogram, simulated far field, and registered interferogram.
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B 8. FEAEYRIEA 2.2 um B £ (Zernike TR Z[2,0])
(N4 BEEWHT. SR, Bilixly . WE T ED

Defocus (Zernike term Z[2,0]) of amplitude 2.2um generated: reconstructed wavefront,simulated
interferogram, simulated far field, and registered interferogram.

B 9 PRI N-3.2 um £ (Zerike T Z[2,0])
(B BEEPE. BT R, Silixy. WETwED

Defocus (Zernike term Z[2,0]) of amplitude 2.2um generated: reconstructed wavefront,simulated
interferogram, simulated far field, and registered interferogram.

Ts

B 10: FAEHRIE A 4.8 um [HELYE (Zernike T Z[2,2])
(IR BT BT, By, &E T ED

Astigmatism (Zernike term Z[2,2]) of amplitude 4.8um generated: reconstructed wavefront,
simulated interferogram, simulated far field, and registered interferogram.

B 11 PEAEIRIE A =54 um DY (Zernike T Z[2,-2])
(IR BEEPHT . ST, Bflixly . W&E T ED
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Astigmatism (Zernike term Z[2,-2]) of amplitude —5.4pum generated: reconstructed wavefront,

simulated interferogram, simulated far field, and registered interferogram.

B 12, PEAENRIEA 1.2 um (E Z (Zernike T Z[3,1])
(B BEEPHE. BT RE. Silixy. WETwED

Coma (Zernike term Z[3,1]) of amplitude 1.2pm generated: reconstructed wavefront,simulated
interferogram, simulated far field, and registered interferogram.

D
s

Bl 13, PAERIES 1.3 wm KE 2 (Zernike T Z[3,-1])
(WEEG: EERE . SR SEixy. WEH3ED

Coma (Zernike term Z[3,-1]) of amplitude 1.3um generated: reconstructed wavefront,simulated
interferogram, simulated far field, and registered interferogram.

Bl 14, FPAIRIEA 3.9 um =¥ (Zernike Tl Z[3,3])
(R BEEBPA. SRS E. Siliayy. s ED

Trefoil (Zernike term Z[3,3]) of amplitude 3.9um generated: reconstructed wavefront, simulated

interferogram, simulated far field, and registered interferogram.
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Bl 15, PEAENRIEA 3.2 pm 9 =MJE (Zernike T Z[3,-3])
(B BEEPHE. BT R, Silixy. WETwED

Trefoil (Zernike term Z[3,-3]) of amplitude 3.9um generated: reconstructed wavefront, simulated
interferogram, simulated far field, and registered interferogram.

Kl 16, PEAETRIEA 0.7 um IERZE (Zernike T Z[4,0])
(ARG EEPHT BT EL Bilialy . WE T ED

Spherical aberration (Zernike term Z[4,0]) of amplitude 0.7um generated: reconstructed wavefront,
simulated interferogram, simulated far field, and registered interferogram.

B 17, PEAIRIE A 0.6 pm ) Zernike Tl Z[4,2]
(R BEEBPA. SRS E. Siliayy. s ED

Zernike term Z[4,2] of amplitude 0.6pum generated: reconstructed wavefront, simulated
interferogram, simulated far field, and registered interferogram.

Bl 18, FAEHRIE N 0.7 wm 1) Zernike T Z[4,-2]
(EEBAT: BT TR, Sy, W& ED

Zernike term Z[4,-2] of amplitude 0.7um generated: reconstructed wavefront, simulated

interferogram, simulated far field, and registered interferogram.
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K19, PAAEIRIEN 1.9 um ) Zernike T Z[4,4]
(B BEEPA. BT R Sflixy. WETwED

Zernike term Z[4,4] of amplitude 1.9um generated: reconstructed wavefront, simulated
interferogram, simulated far field, and registered interferogram.

K 20. PAAENRIEA 1.7 pm [ Zernike T Z[4,-4]
(R BEEBPA. SRR, Siliayy. s ED

Zernike term Z[4,-4] of amplitude 1.7um generated: reconstructed wavefront, simulated

interferogram, simulated far field, and registered interferogram.
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3. Breadboard system (THEIRERSZ)

OKO Technologies supplies breadboard systems, which can be used as a basis for building of
applied adaptive optics systems. Applications include scientific instrumentation, astronomy,
ophthalmology, laser optics and optical alignment systems.

OKO A w#RMEI AR AO R4, AF RN BN G R e Al . N T
i BEEAGER . R0 IR BOWOGFENDG SR HE R 515 .

Our system includes the following components:

* Deformable mirror (MMDM with up to 79 channels or PDM with up to 109 channels);

* PC interface for the deformable mirror (40-channel USB or Ethernet driver modules);

* High-voltage amplifier units for the deformable mirror;

*  “FrontSurfer” WF sensor with AO loop enabled;

* All necessary cables and documentation;

* Laptop or desktop PC (optional).

OKO MRS a4+ L N (FLE n R HE & -~ 2R E ) -

« BREL (% 79 ANMEIE MMDM 8ix £ 109 MEIE K PDM) ;

« BILER) PC H2H (40 i#iE USB B LUKMIRENHEH)

© HIT AT B e BSR4 5T

* JAH AO [FIINRERT “FrontSurfer” 3 B f£ 24

o T A LA ST

« BCAHKE G BN (AT .

OKO Technologies also offers a complete closed-loop adaptive optical system (AOS), which
includes all necessary optical and mechanical components (see Figure 21). It can be used for
realtime correction of optical aberrations and generation of precision wavefronts. The speed of

control depends on the camera and computer; up to 500 frames per second is achieved with
inexpensive IDS uEye camera with USB3 interface and a laptop computer.

OKO &Rt 52 B I P & N R G (AOS) , B T A b B 6 S AL A (I,
210 o BT AR AR R S A I MR A B PR 7 2 o 4 ) )3 P B T A AL L 5
47 USB3 4% LR ARAT IDS uEye AHHLANZEICA RN, AT LUE BIREFD 500 it (1 % -
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21. 52¥& [ 37 1@ IE PDM M & NG RS

Complete adaptive optical system with a 37-channel PDM.

References
[1] L. Baker. C tools for scientists and engineers. McGraw-Hill, 1989.

[2]1 C. Paterson, I. Munro, and C. Dainty. “A low cost adaptive optics system using
a membrane mirror” . In: Optics Express 6 (2000), pp. 175 - 185.
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Fi. FWAFE
Optical Shop Testing Set-ups
J7i3C: Flexible Optical B.V., The Netherlands (OKO Tech)
B RIFEENY:, 152 5716 7514 ,info@inspiroptics.com

Optical setup for testing of optical components with the Shack-Hartmann wavefront sensor

should satisfy the following conditions:

FIH Shack-Hartmann 35§l % B #3586 22 T0 A 10 6 2 285 B REHE 2 1 F1 264

The relay optics should re-image the plane of the object to the plane of the Hartmann mask
(lenslet array).

G TGS RGO T L R B R AR CGEBRESD .

The scheme should scale the beam is such a way that the image of the scaled object
(wavefront) is densely filled with Hartmann sub-apertures.

PO RGN AROCH, LB 5 GBRD MEBTEH R 2 7 fLie.

The optics should allow for calibration. In the general case, it consists of separate
measurement of the complete setup aberration with ideal object or a source of ideal
wavefront,replacing the one to be tested.

26 RGN A VFARAE S H SO T, AR AT DA FH B AR AR sl 3 AR R i Vs S )
BANRAENGE, NEENEFIEZE.

I R = AR R T
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1. Testing of transmission optics GEH A2 4RM)

Object

L1 L2
Laser 0 () WFS
CL
fi fi f2 f2

K 1. Shark-Hartmann 5 5 A% BE S I0350I% B O 22 2848 10 s B0 & 7 &=
(CL: #EELZ%; L1 AIL2: £EFEHIA f1 A2 fiE5; WFS: &S

Typical measurement scheme for testing of transparent optics with Shack- Hartmann wavefront

sensor. Here CL is a collimator; L1 and L2 are lenses with focal distances f and f3, respectively;
WES is the wavefront sensor.

A typical optical optics setup for measurement of transparent optics with Shack-Hartmann
wavefront sensor is shown on Figure 1. The object under test should be placed in a collimated
laser beam. A telescopic system consisting of two lenses,L.1 and L2,is used to re-image the
aperture of the object to the microlens array(or Hartmann mask)of the wavefront sensor. The
system should scale the area to be measured to the aperture size of the wavefront sensor;the
scaling factor is equal tofl/f2,where fiand f, are focal distances of the lenses L1 and
L2,respectively.

M Shark-Hartmann 3% 7 % J24% I 532 BG4 19 S AD G223 B a1 1 P . il &

Yok BB T HEEHOE R . d1 L1 A1 L2 PSS B ALK I B 5 R g TR AR i fLAR E B
JRAR BT A IO WOE B A1 (Bl ke R HER b o R G NAR S A R s 1 FLAR K /NG
A X dk o iR EEE T 182, Ferp £1 A0 £2 3l &5 B L1 A L2 AR

Although ” FrontSurfer” is able to perform “absolute” wavefront measurement without
any reference pattern, it is advisable to switch to the reference mode. It allows to get rid of
aberrations of the relay optics, which are always present due to imperfection of the components
and misalignment in the system. Reference pattern can be measured with the object removed from
the setup.

& “FrontSurfer” B4 GE ALK A LM S H RO T 34T “4axt” pearil &, =
)4 3 2 4 5 E ] CLTH BR BT oA i B A1 B R SE sOVHE T S BN 6 R 4R
1B7% . 1EMESH GRS, BRI G RS B
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2. Testing of reflective optics (&6 1K)

A typical optics setup for measurement of reflective optics is shown on Figure 2. To facilitate
calibration, it is convenient to build it in a similar way to the Twyman-Green interferometer,
where a beam splitter divides the incoming beam in two branches. The object is placed the in first
branch behind the beam splitter, and the reference (normally a high-quality flat or spherical mirror)
in the second one. The beams reflected from the object and reference are them directed to the
wavefront sensor. A telescopic system similar to the one from the previous scheme (Figure 1) is
used to provide conjugation between the object and WFS with proper scaling. One of the branches
should always be block-the first branch for measurement of the reference pattern, and the second
one for testing of the object.

RO E A Z R BN 2 fron. N 7T TRHME, W ERUT
Twyman-Green TIAXIIEES, T2 G ANSHEH D R 203. MRTUE LD KA 5
55— 32, S GEFE A & 5 1 T B BRI 8D OB AR — 3. W)
RFIZIRY SN G RN B AR A b o Al — AN SRALT B =07 % (B D B
RGURSEIYAEA WEFS Z B (3EHE, DLAGE S 4. 58— D0 SOl TEZHEHA, 5
A ST R AT B

%)
L
=
I
f2
L2e——}
f2
fi
L1O}
Reference
! U ‘[I(normally blocked)
CL b
[
Object

Kl 2. FIH Shack-Hartmann ¢ i f% /&85 M S OE # 8 F IR T 8 (FF 52 A 1D

Typical measurement scheme for testing of reflective optics with Shack-Hartmann wavefront
sensor. See Figure 1 for notations.
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3. Testing of micro lenses (fEE M)

E hartmann
| mask
- | imaging 1
array lens I
collimated !
beam ( :
,,,,,,,,,,,,,,, 10 =M W R S
|
stop 1
1/A+1/B=1/F :

A | B
-
3. H Shack-Hartmann 3 i % 225 0 30 o B3 1 205 &=

Measurement scheme for testing of a microlens with Shack-Hartmann wavefront sensor.

An example of a relay system designed to measure the aberrations of a microlens for fiber
coupling applications is shown in Figure 3. In this case the microlens has a small diameter (1 mm)
compared to the Hartmann mask aperture (4 mm). A telescope formed by the microlens itself and
the imaging lens is used to couple the microlens aperture to the sensor mask.The Hartmann mask
is co-incident with the microlens image.

Kl 3 &2 — M RGMNH T, ZRGH TNEAAHEA NP RS R ME 2 . fEIXFE
R, SWHRESRHEELSE dmm) ML, FUESEMEEE/DN (Amm) » HBESA S MK
BIE BT RN B T B TR OB B FLAE R & B AL B TR 0 e 2 L s B KR b T
[ —f7 &

Calibration of the setup consists of two steps:

B BREMAS D IR

(1) Obtaining of an ideal reference.

R EABP AT S % .

(2) Calibration of the imaging microlens.

FHE BB -

In the first step we ensure that the aberration of the illuminating beam is negligible over the
aperture of the microlens. In the simplest case this can be achieved by illumination of the
microlens with slightly divergent wavefront produced by a remote pinhole source. If there are no
optical components between the pinhole and tested microlens, we can be sure the illumination
wavefront is close to ideal.

FEEE b, BATHORAERGE S RO I8 _E BB R 22 7T DU AN o 76 5 8] R 1
DU 5 3XAT DA I FH Sz Rt FLI™ A= AW Bl A B R 0 B AR A ROE R SE B SR L -5 45600
OB Z [RIBAT eA oo, MIRT LURA 52 IR T AT I AR

In the second step, we place another pinhole in the focus of the microlens. By doing that we
eliminate all aberration of the setup, except for the aberrations introduced by the imaging lens,to
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be able to measure the aberration of the relay optics only.

S 0, BATERGE SRR S ETCE 53— Lo KRR T DU B AR SRR 2 2 4
T E B2, LMERE RER Dbt gz
In the last step, we remove the pinhole and measure the total aberration. To obtain the

aberration of the microlens, the aberration of the imaging setup measured at step 2 should be
extracted from the measurement result.

e, WATEBREHLUFNE BB ZE. T RBHEHENEBE, Rz EE b ke
B ME R R E NG ZE.

In this example we have used slightly divergent wavefront instead of collimated. This does
not introduce any significant problem if the radius of curvature of wavefront is much larger than
the focal length of the microlens under test. If the lens has focal length of 4mm and point source is

placed at 1m from the lens, spherical aberration introduced by “wrong” illumination is negligible.

Nevertheless, it is always advisable to check expected aberrations using ray-tracing code.

FERAN A, BATEF 5 W Bl RSP I8 A 110 AN S 4 EL PRI AT o A SRR AT ) 3 2 A
KT BRGE SRR A R, WA DU WERIEF RN 4 mm, JFH ROGIREEE
Bi 1K, Mo “HiR” B SHEERZE T LRI AN . Tk, AT @B ADEL
PREFACRS KA BB B %=
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4. Optical conjugation (JEZFFLHE)

The input pupil of the WF sensor should be optically conjugated with the pupil of the optical
system. Conjugated is achieved by placing the sensor input in the image of the pupil. If the sensor
is positioned outsider of the pupil image, any aberrations in the pupil will cause geometrical beam
distortions in the sensor input, important: wrong conjugation is the cause of numerous
disappointments with WF measurement.

A IR A AR IR AR T TS RGN I BB A B SEBUR B A A 5062 R 4
N (R 257 30 o U SRAE R TR AL IR 2 A, NI e (AR TR 22 A e SR SRR AN
LD RIS, W SEEAT R B, ABEILHEARR E . SR RS i &
Has RARNE.

Usually the conjugation is achieved with an afocal telescope, formed by two positive lenses
with focal lengths F1 and F2,respectively.
W S e AR B B S I, o AR B B PR R ) 2 F1 A F2 B IEE R

H

The coupling telescope reduces the transversal dimension of the light beam by a
factor(F1/F2), and magnifies all ray angles with the same factor, thus preserving the geometrical
of aberration A . For the input aberration represented by a parabola A(a)=a%2R where a is the
radial coordinate and R is the radius of curvature, the F number FN is defined as R/A, where A is
the semi-diameter of the input pupil. Expressing the F number in terms of aberration amplitude,
we obtain FN=A/(2A). If the aperture is reduced M times by the coupling telescope, the F number
of the beam is also reduced M times.

A B BRI 1) ROTIN— AN (FUF2) 5 AR R R3O T A Dl 2%
FRE, MM RAFFRZE R LATHRIEA . X T DI L A(a)=a%/2R RN 2, o a 242
AAAR, ROEHIZAR, FAFN ESCH R/A, b A RO EE . G ZEIRIER R
F AL, 133 FN=A/Q2A). WIRM G EIm B LN M %, BRI F Z g/ M .

Scaling of the F number imposes serious practical restrictions on the range of optical powers
that can be controlled by the sensor. The practically acceptable range of F numbers is always
limited by the complexity and aberrations of the telescope optics While F numbers in the range
between infinity and 10 are easily achievable with single lenses and achromatic doublets, the
range between 10 and 3 calls for a somewhat mere complicated optics and, finally, the range
between 3 and 1 can be very expensive and also very difficult to correct for intrinsic aberrations.

F 0 2 7800 AT A S s 42 ) (KDl Th 2R L AN 7 7 2 A0 S PR PR o SEBR AT 432 1) F 4L
Y0 LS 2 B IR 06 RGN B R VE AR 22 B BR 1 o SR B B AT (0 22 BUB B AR
GG TR E] 10 Z A () F A8, {H 10 2 3 Z I8 f5E I 77 E 2R DB R4 &E, 3 3
1 Z B AT Re RS B 51, T HARMER IE A1 2%

It follows from Fig. 4 that the F number of the wavefront at the telescope input should be
considerably smaller than (FN/M) where FN is the F number of any of two lenses forming the
coupling telescope-assuming that both components of the telescope have equal F number - and M

is the telescope magnification. Finally, both the wavefront curvature and the wavefront tilts should
not exceed the specifications of the sensor at the input pupil of the sensor.
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ME 4 FTUUE Y, BB AT F BN /N (FNMD - Hidt FN A AR
BHEGERNMANEGTER —MESGRN F 8 (T sl A RSN FED , M
e BB TR e, FEA% RS B NG IREAL , I T R 3 A0 TR AN IS 3 A%

A I FAE o
Incoming
wavefront WEF
L sensor
§ / pupil
F, F, F, F,
Incoming
wavefront WF
Sensot
pupil
R
-
F, F, ol| F, F,
[ [

B 4. THRIEATET WF MG (1) WRIFR MRS (F) o b 51,

Scaling of the WF in an afocal telescope with zero WF curvature(top),and compensation for a

FZ
non-zero curvature (bottom).Here 6 1:E1‘
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4.1. Compensation of the curvature HH3R%Mz

To secure the maximum measurement range for higher-order aberrations, the input of
wavefront sensor have zero spherical term. To compensate for the sphericity of incoming
wavefront, a calibrated spherical or parabolic phase shift could be added to the wavefront at the
input of the telescope. This can be achieved by using a pinhole as a source of diverging in the

diffraction angle 1/FN.To satisfy this condition, dp should satisfy to dp-FN*2.44 A .

N T PRIERI R 22 1 B R DN VG B, T A% IR B A A R R BRI I O 7 AMEA
SSPIRCHT A BRI L, AT DAAE B2 85 14 B A\ i o 98¢ BTN — AN B A Y B T R 26 A A%« X AT DA
RLAE AT FLVE DA HIOCRR T VSR SE B . ST FLELAR dp B AEAT S A8 1N DEHUR B/ N

TR KA, dp MAZH 2 dp-FN*2.44 A

Also, the WF curvature in the input pupil of the sensor can be compensated by changing the
distance between the lenses of the telescope, preserving the position of the input pupil in the front
focus of the first lens, and keeping the point of ray convergence in the front focus of the second
lens. Under these conditions, the shift of the first lens is given by & I=F3/R. It is easy to see that
such a compensation does not change the pupil magnification (Fi/F2), however it can result in
additional(spherical) aberration introduced into the wavefront.

BEAL, A S A\ DG b ) W 238 AT DU 250 B e 5 1) 28 5 < ) ) B B R A M2
TREFRIN DGR E S — BB AT AUT AL E, IF BARFOLR S 3R SRS B B aT £ s
TEIXEESAE TR, SE—ANEBIINRE 1 8 1=F/R 4. IR GG, X FPAMEAS 2 AR ALK
KF (FIF2) , HEEXIB@UNG (BRI B2 5] NBHT

The easiest practical way to achieve such a compensation consists the wavefront sensor,
together with the second lens of the telescope, on a moving stage with movement range of at least
(£ F2/R i), where Ruin is the shortest expected radius of curvature of the input WE. In the case, to
accommodate for the possible range of the input wavefront curvatures, he physical diameter of the

first lens should be increased by at least ( RmintF1)/( Rmin)
S B I A M PR i 177 B S FH PR 77 925 R o T A SR s 5 B R R B8 — M R R A

Ein i FREEE 2D A FI/R ) IS G, Hd Ry i\ WF 55 I 4%,
TERXFE O R, 7 I8 N N DA IR T REVE S — BB ) B AR N & D 1
( Rmin+F1)/( Rmin).
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4.2. Thermal stability consideration & X2 EHKIHE R

Some camera models, particularly those with higher maximum frame rate are known to
product appreciable amount of heat. Due to thermal expansion the size of the image sensor
changes with the temperature increase. Thus, pixel pitch either nominal or measured during
calibration might not be accurate anymore. To illustrate the Fig. 5 (top) shows typical aberration
introduced by thermal expansion after changing the temperature of CMV4000 imaging chip from
30°C to 50°C. As can be predicted main aberration type is defocus, it is measured about one order
of magnitude higher than others. The measured error of radius of curvature relates linearly to the
temperature of wavefront measurements, especially in absolute mode the is advised to keep the
temperature of the camera as constant as possible.

BN, FERDRWUR AL, E TES RSP KENHRE . BGREARS R &
T A2 K I 5 TP 1) T v T A8 Ak o DRI, T (90 s e T 10 00 1904 3% T B T RE S TE T
N T UL IR, B S () BoR T CMV4000 BAR S A IR EE A 30 C s F)] 50 C i,
HRZAK 51 AU 2 . ATRATR, = BAR 22 28R B, (e b HAd A 2% vt — AN e
Po MZBPEMNERESREZEMERR, WES CF) Fs. T ST 1524
R E N, R RN, @IH PR R ORFFA AL IR B 5
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Peak-to-valley = 0.042 waves
RMS = 0.008 waves
Wavelength = 1.000 mic
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Kl 5. BB RS AT B 5emd . b T CMOS AR M 30 TR 3
50 CishErEREEE: T MR R 2 E R AR B EHR BE H A TTAR AL .
Effect of image sensor thermal expansion on wavefront measurement.
Top: spurious defocus caused by increase of the CMOS sensor temperature from 30°C to 50°C.
Bottom: observed change in distance to a point source with the change of the image sensor
temperature.
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50 mm 4% 37 JHiE 35 mm 4% 37 J#IE

GWINSTEK

T Sk

o ZiEiH

LIRS )R

® HEERIE

o [ HEM

o Utk

o Iz,

M B P R By T e HERR AR T B 4 R B R ) [

uths) LD-DM67-75 LD-DM37-45 LD-DM19-20

AR 75 mm 45 mm 20 mm

AT EEH 67 37 19

AR AR AR Zernike F 20 i kB 5 2

5 T TR

wNEA & 20pum  OBEZEEHIE: 40 pm)
AR 58 AMET 550 Hz
J&THE T 25 nm

TE: 77 AT R 7 R RIS E
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2. BIE SH i RiE e

i AR EIATSRS T B2 ) 0o . 5 R kU
AR OEER, A1 EWFR T ik AE Shack-Hartmann 3%
B HE S (SHWES) A0, bR fh M dbr i F 97,
o AR P B KT, BRI TR R, T
FURIIEE . el B el R 2,

e SH I A% R 2

WERTALPE: FPGA MR+ MEHEAE: 50 * 50
LRI

@ TR @EHNHTINE @FmAREE @5 THEM @A

PERESR bR -
KL 2 kHz
FHBL 7 P2 512 %512
% B R 110 pm
WIE B 65 * 65
FHBLIZE CXP
BT AL AL BT FPGA [ s i gy b #ATL
R DI B 2 B SR R

TE: 77l T R 7 SR 52 il
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3. HERDLFRGE AT

FERORAT EREmEy TR ST
ERARY  ARVEERY BREETH EOEST &

sy ([T 2ss P

PR A 42 1) 5T

% U 1

(1) FTAAL SR I 7 R i

® JNHTfREE F A KR

BT ELE R GAHE. TWED
AT Zernike REL CBUE B R+HR ED
P AT ES AR RMS B[] i 2%
AR EH B E CBUE Ea+EIRED

& RGREHE;
(2) PIEERCNE SR, B AR R SR R AR R (BN
(3) TSI 4% 3 R A ) 5
4) FEEREH RS

WU RO BV AR WOESUE. R E LAl
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4. RRIMAARY RS
4.1 BRRMBI K URAED RS

VR Rz EIC N R R L 1SS N oS ] L
I IR B RAS AL S0 37 5B 52 B (0 K<
W PRCR . W FER TR 6 2% A
FEPDEEG . ARY AERE AU
SN A R

TER HRNSAHTRRD

\ — B L ¥ B
== S W = -, ‘)

iz

TAE R & K
B NEE P .92 1 Wi 0 PN R 1 €1V
7 WO HGE I 2 m AR R g8, R RS2 K RS K BEERAR L AR
SR, BHLSAEIMG SERR 52 B R i .
Tt 777 A BRI AT . KUY .
RS WOt KAk . BERBOGEE . mIhRBOLERE . Bms g .
PR FE5

SRR KMl
L 4% H1% 80 mm (A] %E#il])
it VLA AU 4% K = 600 nm
RH < Sm/s (A
T K 1-20 cm@550 nm CA] i)
TAEEK 0.4 -2 um
WO AR L& 250 mm
H, Y5t 220V
NS 500 * 500 * 1000 mm
HiE 20 kg

SR R BRI RSN S ARG R, 7T LUK I i VAT 5, R IAR L R e 46 o
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4.2 AR B R IRRAETN RS
KRB (LCOS) B8 e dii
[HIIAER X - 1Y N i/ I = B P 5 ]
PR ELEIBRL, NS ERIT A E
TRETE, TR SR A AR

LCOS L3 Aperture
1.4 CMOS

+1 Diffraction Spot

L1
BB B (A u&i‘m,‘ﬁ%%ﬁlﬁﬁfﬁﬁy ‘I Computer B
TIPS Fw N R: T Compater A ol
2
TR PR E K

...... v T

VBt IR A 2R R TR G D'

Bt PERESE R
® F[H PR A PRV .
: iiiiﬁf; BERH 512 %512
o HILERICE. ey 15 % 15 um
SN e 20 - 90 km
J97 FH 4535« H7ERHT > 90%
o AL I B RAMFKE > 5cm
® EHMHLH T AR~ 7.68 * 7.68 mm
¢ j< /ﬁ{%‘ JE{%/{I%/Z%\ é}‘ﬁ E(J I)j ﬁé Greenwood iﬁ% < 100 Hz
WIS PEREAS RGBT 7.68 * 7.68 mm
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5. RAXBENIEE RS

PA ARM +GPU 1 Ay ik A\ 20 2 1% A 2 A 41 22
1, HEA LUK, USB FlEs 148 £ Firs 117
o — AT AR AL B R 2
HU. WERTARAL A . ORAR T A i e B AL

i A TSR R RGOS

WAEEIIRE -

96 HEERE

22 1 4H
5 ohe
EERGREEE 4

E@REEn o

5 ‘-
o
1

T2 RSk, WTSRBLIETE SRS T . '

Wh & PR IE A 98, JFIR AL T Qt TR HEZRES

,  MEEEE

4

S I B A P P ST . v o 1
= A HIERDEY RGO
IRMS =0.919x PV =5.823T/\I IRMS =0.031982)\ PV =0.43043)\I
IR ‘_-,.,v,,.{,‘"w =
20 20
40| 40
60 ! 60
| 80
0
5 100
; 120 1
140
2 160 i
180
025
3 200
50 100 150 200 50 100 150 200
X X

T 8 NG R G IE BT R ZE 45 R -

LEISE

® ML

® EIE M

® iLE R M.
N FH A

o [LYIRFHLAR:

o F[HF B

®  HFANRICALINSE4

08

() BERT,  CAD &R1EE

AR TV 5 A OKO PDM-96 J& 125 T 5%
il NS < 25.4 mm
V0 g e 30 T A% SRR A T LA SR FE B 256%256%4
AR & NVIDIA Jetson Nano
ZiEZ NG = 200 Hz
] JE AR HE 5% 25 RMS < 120 P K
YA o PN+ b B AP TR R 25 * 18 * 20 cm
AHLAEH. i 45 ¢
R R+ EE I R IF R Ubuntu 18.04 LTS+Qt5.2

sr] ORI H P B RE oK, G AN [ A 5 AR BT A% i s < AR
BRGSO s
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6. NLF %I

TMNCE Z K E AR R E @R @ TIRAN SR, =7 2B g &
PERE H & FOE AR RGFR ORI RS IXLER S8 RIS T 62 B0 52 b ook

R AT

ARG RGN TR
1. Rz 67 BEXRHEREEHENAFERS

R 67 BT FR I HE NG RGUE R T RENE BT 67 1818 i i HERR AT
5 B BB UIT AR A, WTSEEL 2 nm (AL R TEIE L .

[ | s

I emE

f2
£2

]%,, !

|

fl

f1

I

l

T I

Zernike Rl - ERAREREN —
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BEMELER

ke | R REDALR SRR
4 BiAE 0.66%
5 0 JEBHL 0.87%
6 45 FEAZHK 4.12%
7 Bx 1.16%
8 BxE (p 0.97%
9 BRZE 3.77%
10 5(2)% 2.93%
11 E(EJEF)E 2.40%
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2.

RENZTFE G R B FT ARG

ARG R AR 67 B8 K HERR AR 8 TR A AL RS AL
& >500 Hz M TAEZME T, RGMWEZRALT -3 dB, MR <45° ,

|

TB AT R

‘ﬁ_z
AR

Sl 45 SRR,
RE M0 AL 1= it

-1
o
~
=]
N

Bode {4
T T
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Tk 4§ 0§ 3§ gy TeSSmi: s 10004
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02| =
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- — 007
oLt . . | . Lo L . n
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. NN
& i Bod
e (B 2 Ik Bode
o Bode FER A
ot Tore = 208 T wgw T
L5 2677 S, sasogm_—$09H
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+. #2Z OKO AF]

H
=il
>
o

FLEXI]IBLE

g P T 1 & A L

OKO A =] &4

fif % OKO /A7 (44 Flexible Optical B.V., X% OKO Tech) €T 1997 4, fEHIE
S 2 AU A 1 I SR AN AR

BN E] AR ML A RS (MMDM) | R HAEE S (PDM)
Shack-Hartmann 3 §iff% /& & . AT 70 BT M S B Frontsurfer, DL A5 HIIA HI&ERDG

MMDM &2 Al MR 7= i, MM Lis, HARGSIZ VI ERS, Caf ZHT
R ol BHEEESIE. PDM AT T RIE BB AR R IE . LA T30 (M A8 % IE,
W AR Z A 15 kW RDGIDFER G, 1EH T m e iob ik .

7£ OKO /a3 Chttp://www.okotech.com/publications) & %12 7 [ pr Al OKO 2

A A A R R IR R 22 AR SO TS SR, ™ i BB AR P PP 7T L — B !

56



OKO T Ep= [,

1.

MMDM B R AR T 456 )

® U4, [148: 10/15/25.4/30/40/50 mm, $AT#EE: 1/17/37/39/59/79/96,

OEAEAE: 10 um30 wm, AJER ERRTE, ABBOLIHE: 3 W-1kW;

o AMEGIH, R~F: 11X39mm, $ATHEE: 1938, FOi KEERE: 10 um,

AT AR T 6 .

PDM (& 1M AT BE)

® [J¥, H1f: 30/50 mm, AT EECE: 18/19/37/79/109, HHAT i K&

m, WA AR S, RMRARBEOCIRE: 15kW;

® ik, JSf: 11XS55 um, PUTHEE: 20, RHPATHEAILLE: 8 um, A4

B YER S 6

WA AL IR

a)  EHRES] (HFA). SRR, [AEE: 30-2200 vm, £EFH: 0.04 mm-209 mm,
TR 99%)

b) AHML (WIF: 20 fps-1500 fps, FIHRHEH 75K @ Hlig B .

Frontsurfer J Fif 7 A1 4 il 4 44

c)  Shack-Hartmann J #i &« A0 JAT5 T

d) B E AT

e) ATRBRIHE. SERFPAMER] (HIRLELEE: 20-1500 Hz) .

oA

: 8 1

il

® Zernike Commander: Zernike fil [ f540UF1 AT #L4k ;

o Still: JRMEE FIEIGRE. BARRE. ZWER. 205 E R

® BeamTuner: BOEGBERALE 1

® LightPipes: Y& L HA (W7E Matlab, MathCAD 35 FEF) ;

® ZemaDLL:Zemax M85 T BN A EEFE A, FIE Zemax P55 /i £ MMDM, PDM 4%
® MiZer: %] OKO & JE4E /™ E Zernike JE72

PR & RO R 5t

o EEAE. WIBA+IRS) M- AL B AR+ Frontsurfer PR B

o A OEHERAREN S, WKk

®  [AMACHIENE: 20 Hz-1.5 kHz (BURTFHEFALWIR) .

o7



L. THHUREEZR T 5L (MMDM)

2K : MMDM — R e WA 9 B i ARt Sl B UOIn T (MEMS) T2l
PRI BE SUBR MEMS AR T 456 . B 110 5 [ s 76 J BB AR 6 by b, T D7 bl s Al (O
TED o HE-RAE 2R, EEAR AR (Dielectic stack). )&= (Metal). &AL

1 /2 (Silicon nitride)% . JEE—KHN 0.5-10 um, EAEAH 5-50 mm.

Dielectric stack

\ Metal
z /{
, \\ Silicon nitride
x Frame i=
Mirror
Membrane
- d
- am o . - - ..
I T Electrode
Control s S S Structure
Vol (vi)  (ve) (va)
oltages ‘\\f. 1) \\.'2/ \\yg/f

‘ ‘ Membrane cross-section

AR AR R T 0 R AR b N R S, R R R TR A I 5
(Eletro-static attraction) , MIM B AETEAR . WURAEFITA B AR L A 7] A P
WU P 2 7 AR BRI B AL CRRIEIMIRE D o £EAS R R FELA L ftinAS R F s CBRAN R B s 250
YU AT A TR A AN R R T AL

O B OWRASH) - T ik SR 18 AAE AR 5] M ASRE P £ HE T 77, DRIk
5 R BB AR T R AR AR (BT AR, MANRE ™ A2 T T2 o« AESERRfl A2,
N T AR AR AT CREIMIRE™ ), 38 W FERSHE G R A I (i 25 A8 T B S i o — i B P
& MBS, AR R B IR AR,  IXAEAE BT AT A O R R A M AR T

_ surtace at maximum detlectior
correction
range
concave |~ light aperture - biased surface
convex —— non-deformed surface

PEHR P IR A A (B Hysteresis, XK. GRS , TEAREE
PERAT o AR YR ] R AR 2 (A e e &R, AT DASE PR T AR I ks B 451, w101
iEdl Rg CE R

o8



HLIRE: TR AR T O FE i R 51 P AR TR AR, RS R, TR AR UKl A

BIEEAR, EIEFER DR, SEI6 IR 2 40 38 TE 1) MMDM f£ TARRER IhFEAS

it 1 W

RS . OKO 23 ) A IR AR T G 1 B W N R PR AP i KR AR B — A

10-30 vm.

MMDM
10-1-focus

MMDM
15-37

MMDM
15-17-TT

MMDM 30-
39/59/79

MMDM 40-
59/79

MMDM
50-79

MMDM
11x39-
19/38 linear

5/10 mm

15 mm

15 mm

30 mm

40 mm

50 mm

11x39 mm

(KI5

17 (DM) +2

(Tip-tilt stage)

39, 59,79

59,79

79

19, 38

FH T 2 £ (Defocus)
BEIEAERR:
To 553 ~50 cm

OKO £ i3 DM: it

AT 1997 4, EIH AT

188 FH 5 3 3 1) — K%
iz

— K RFER ) DM:
H 7 s e i
(Tip-tilt stage)

SRS B T (A 46 T T

Al LLER DM 5 1

8 Bk IR 2233k 47
A

LM SN R
EAIPSENYI

99

PRIEES FR AL IE

XPEOL. Bims. i)
B BIR. Bl
RGN ) A AT
W AR AT PO AL IE
Lup
£ (Defocus),
ROt (Astigmatism),
£ 7% (coma)ZF

oL, Bm. R
BHOBR. g
ARG sh A BAT
M AR AT PO L I

X RO AR AR

a3 (R PR R B2 S

() AR S AR AT
it



HEAE =0 1 15 mm 48, 37 J8IE K MMDM a0 B AR, HEZEH ARSI TR

Froas (L= FMEE 7.3 1)

Parameter Value

Aperture shape approximately circular

Mirror coating Metal or Metal + dielectric

Aperture dimensions 15mm diameter

Number of electrodes 37 (19) (see Fig. 7.6)

Control voltages V. 0...150t0 300V,
dependent on the mirror

Initial RMS deviation from plane less than 0.45 pm

Main initial aberration 1.5 fringes at 630nm

Maximum deflection of the mirror center 10 pum

Package dimensions see Fig. 7.7

Weight 140 g

AR T SN B 5 i B (5P~ AT i~ Eps, WTEUAEH,
AR AT AR S SO0 5 5 i W A T X 8 Al W AR EATRZ I
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JEFE 0 2. N TR PN ZEIE . mER MBI R, OKO A FHHL
HEH T 96 I 2 kHz. =& — MDM AL EH ™ i (B~ EBFR) . R A S
AL A IVOE 2 TRA

EE AN
o  Limih. JEEHILTIE 96 T, A A ZAE RO B AR IE 1 R R
o  EE: BIHEFITE 2 kHz, WL, BRI
o NMARL: KA. mEIOKEE . DAC JREhRH 3 MBS Nk, BKRIKR
G AR s
o Mm@ H: PRI T — ARSI S B ST BIBA T B E B R A
i
HEZHARSHIN T RFTUR:

BRIRITEAR I3 1t i K AR & 18 um

blip eIt 25.4 mm PN Pt 2 kHz

¥R EAR 18 mm )5 RMS i % ~10 nm

PAT I E 96 ®E Al

i Bt e USB2.0 JR~f 90X 90 X 30 mm?
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WA AR AT TR, B PR eI B S T R (ST A T
FERIAARIRON: RN, FrA ST S8R f e, AR SR T SR R K L T o AKX
SETI BT LU AT BT 20 75 (R 0L B 5 Al i A T T, L 6 A2 1 R 2% BT IR A )
AEZT.

I PG A UAT AR TR TE I I e 78 10 T 4 S e A5 T 738 A B 3 R U8 T W
AR T R R ARYE B D) RS, AT T 1T AR T LLAARA 7R (Poisson equation)
KA RFIHE . B T57 Zernike M TG ALAR ML FARAF A RFIREER, F PAT #4520
B T LRI LA IS B A IE AR o TESE PRk, — Mol MMDM #tif BAR BT
HIGHREARM 1.4-1.64% (RIDGIR E AR MMDM 41 EA2 1 0.6-0.7 D .

S WOt BRI RE TR E BT, SEUH AR SEIK, AT BRI R Tk
J1o T BRAG R Th 2 SR B TH = A AN RIS, OKO AR T 6 78 B tH A AR 7= ik 2 SRR
T — BRI AR L AR ),

® HRIMFR 1Bk E AT A EAL, SR B R D R R I R A

® AR 5 F R I A

®  [RACHIAR SR A R IABE, E T HEY
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2. EHZEEE(PDM)

2k : PDM E EEA A f AT SR IR R i e sh B T = AR AR o B — Al B . A
B RER G B A R R SR B B, SR SR O RS AT S A T . R R
AT 2 BRI B IR &, AT USRS I P 2E AN R AT A2

£

Flexible faceplate

T
||

\‘\
Base \/#” Actuators

AR MG RTINS, T R AN, BT AR AT, B K
IR

(i B A0 ORISR ) - — R TR BT 38 U N M) — L, S T = AR R FE 1
LA % i O TAER A, SRS E L3RRl 38 s R, SEBLIE U5 .

L1 SE: PDM M EEF, (HRAFIEH (Hysteresis) , XFHRGFMEN, HE
XIS AO RGEVEREFZ I IEAN K

FLOIFE: ER AT A A, Bk BARIKE i R IA ) B E AR, (HEREN, THAER
GEREI S5 N

4% PDM H i R TOK A8 9K 30, HF AT i Id DAC (USB BiBAKM#211) 5 PC i%E#: . PDM
%55 OKO (¥ FrontSurfer #IF5E B A — A58 B M HIE RDG Y RSt WA BRI
JEH IR BEAT AL, PDM AT L5 BeamTuner b AL4% Hil #1HAHSS St AT 5 LA AL

AR PAT A E/DAEZN 43 mm, HHPATEHRR KL EL N 8 um.

ol 5 MMDM 64, 7ESEBRERAET, —/B0k PDM il B2 i bl
I 1.4-1.6 5 (RPGIRE AR PDM BElH BRI 0.6-0.7 £5)

HeIhF G EPE R SRS BL R, PDM s i 7R 15 kW BRI

JEASF P[] 6F PDM19-30 A8 T B34 46 T % I i Fb PR I 118 1 (5P T B 7= A= )
R TR
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BAT: TR R, BT AN 300 VLK
AT WEHATAREIN 300 V L FEHLEE.

4T BHE. HEHAT M 300 V B SRR IESAT 2R MG 300 V;
AT PN 300 Ve FTAPAT S IIBENLE . RO RN PSS PR T BT 2RI 300 V.
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EAFZN
Aperture shape

BiTH HAR
Aperture
dimensions

BHIRZ

Mirror coating

PATEEH
Number of
electrodes

BUES A
Actuator
capacitance

SR LIVEN

Actuator voltages
Ve

52K WU
RMS fi#

Initial rms deviation
of corrected
aberration from
reference sphere

B W2
Main initial
aberration

B NATHE
Maximum stroke

il 5 s 1] B
Actuator pitch

HE
Weight

& B EA 4 (PDM) 500 te g

circular

30 mm

&&-
&R+ HR
Metal or Metal

+dielectric

19

5 nF

0to 300V

T RMS<
9 nm

B
Sphere

8 Lm@400 V

7 mm

320 g

PDM30-19 PDM30-37
2l 2l

circular

30 mm

&&-
&R+ HR
Metal or Metal

+dielectric

37

5 nF

0to300V

T RMS<
9 nm

Bk
Sphere

8 Lm@A400 V

4.3 mm

370 g

65

PDM50-19/37/69

/79/109

3l

circular

50 mm

&&-
&R+ HR
Metal or Metal

+dielectric

19/37/69/79/109

5 nF

0to 400 V

PHT RMS <
9 nm

B
Defocus

8 Lm@A400V
6 Lm@300V

6.83 mm@19
4.75 mm@69
4.72 mm@79
4.3 mm@109

650 g

PDM11*55-20

SV

rectangular

10*#50 mm?

£&)&-
&R+ HR
Metal or Metal
+dielectric

20

6 nF

0to 400V

PHT RMS <
9 nm

B
Sphere

8 Lm@A400V

300 g



OKO AT ATk 73

TR Ik BWOLRIE

R (CHPRE DL )

AR R LA N
MMDM 9000 nm/ < 100 W,
0.75 m B E % i ‘ T
15-37 500 nm WOR BT
ESE
Ak R fLE N 1.5
MMDM 12000 nm/ < 150 W,
m S B RS R RS o ¥
30-59/79 600 nm = WOR BT
Ak fLE N 1.5
MMDM 18000 nm/ < 200 W,
m I AR AL RS o ¥
40/50-79 700 nm = WOR BT
PDM 8000 nm/ A EFLAEN 1 m . < 1kW, <
30-19 3500 nm HH 7 B A UR WO AE 10%
PDM 8000 nm/ A E LA N 2 m - < 1kW, <
30-37 2000 nm BH 7 B AR R - R AE 10%
PDM 8000 nm/ < 10 kW, <
Uy g
50-37 3000 nm R AE 10%
PDM 8000 nm/ AR LA N 3 m - < 1kW, <
50-79/109 2000 nm HH 7 B A R - R AE 10%
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3. BrifiRas

OKO A 7R Shack-Hartmann J¢ il & & &3 2EAT AT &, 8T Frontsurfer £ H#EAT
PRI R AT

PR AR AT 2HE: WoB B8] (B Hartmann FEREEO  AAHL

AT RS P — M OB B AR EE (Pitch) « BTIAR OA SR s . B8
BB ML R MIMLR R e DR RE

IR N )k P — R AL RO . REBUZE . NSOGB AE R R IR

Fe: PHTARIRES (ROEBLFEFIHABL
i WEEBFESDERER ONUE. 1550

OKO 7 m] Rt bnE i B AL, thn] th F P 48 58 AHBLEEAT 88 eIt

OKO 72 Fl it — 2 51| B 3 AN A% it A S ] B (K OB B K 410, AT B/ K BH{E AL A2 AT
99% G IATER . A TTHR BLRAEERDGIE AR (SN BR SN |, IR AR
PN AR E 1 OB BEARERC B 2 — AN 127 DNMROE AN IR, FEIEZHN 18 =
K, [EIFEDY 300 wm, “ZARAE C-mount W' MBS, IEH ZMIEAL. NAEBGEBE S AT ik

#¥.
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NARMEEEI RS

Product type Material Pitch, Radius, Focal Maximum
fm mm distance, mm size
APH-GT-P1300-F5.2 StiH-53 1300 4.3 52 20x20 lenses
(633) (26x26mm)
APH-GT-P1300-F3,26 StiH-53 1300 2,74 3,26 20x20 lenses
(633) (26x26mm)
APH-Q-P1000-F36.7 Fused silica 1000 16.8 36,7 60x60 lenses
(633) (61x61mm)
APH-Q-P480-F10,91 Fused silica 480 B 109 100x100 lenses
(633) (51x51mm)
APH-Q-P250-F2 Fused silica 250 1 2 240x240 lenses
(633) (60x60mm)
APH-P(GB)-P250-F0,57 BE-7T/NOA-61 250 0,32 0,67 145x145mm
(633)
APH-P(GB)-P30-F0,042 BE-7/NOA-61 30 0,024 0,042 50x50mm

(633)
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EXHER IR SH

Product type Material Piich, Radius, Foecal Maximum
pm mm distance, mm size
APO-Q-P2200-F209 Fused silica 2200 95,52 209 30x30 lenses
(633) (T0x70mm)
APO-GB-P1500-F24.3 BE-7 1500 12,5 243 6x6 lenzes
(633) (10x10mm)
APO-GB-P1500-F39.3 BE-7 1500 204 39 6x6 lenses
(633) (10x10mm)
APO-Q-P1100-F105 Fused silica 1100 48.0 105 55x55 lenses
(633) (62x62mm)
APO-Q-P1100-F209 Fused silica 1100 95,52 209 55x55 lenses
(633) (62x62mm)
APO-Q-P1061-F158 Fused silica 1061 72,4 158 55x55 lenses
(633) (62x62mm)
APO-Q-P1000-F40 Fused silica 1000 18.0 40 60x60 lenses
(633) (61x61mm)
APO-Q-P1000-F4,64 Fused silica 1000 2,12 464 60x60 lenses
(633) (61x61mm)
APO-Q-P500-F19.7 Fused silica 500 9 19.7 100x100 lenses
(633) (50x50mm)
APO-Q-P500-F8,31 Fused silica 500 38 831 100x100 lenses
(633) (50x50mm)
APO-Q-P300-F40 Fused =ilica 300 18.0 40 200x200 lenses
(633) (61x61mm)
APO-Q-P300-F118 Fused silica 300 54 118 200x200 lenses
(633) (61x61mm)
APO-Q-P300-F2 Fused silica 300 0,94 2,0 200x200 lenses
(633) (61x61mm)
APO-Q-P384-F5.75 Fused silica 384 2627 575 5x5 lenses
(633) (2,5x2.5mm)
APO-Q-P222-F1,86 Fused silica 222 0,85 1,86 200x200 lenses
(633) (45x45mm)
APO-Q-P222-F0,93 Fused silica 222 0,43 0,93 200x200 lenses
(633) (45x45mm)
APO-Q-P192-F5.75 Fused silica 192 2627 5,75 9x9 lenses
(633) (2x2mm)
APO-Q-P192-F3.17 Fused silica 192 1,45 317 200x200 lenses
(633) (45x45mm)
APO-Q-P200-F7.0 Fused silica 200 32 7.0 300x300 lenses
(633) (61x61mm)
APO-Q-P200-F40 Fused silica 200 18,2 40 300x300 lenses
(633) (61x61mm)
APO-Q-P150-F10 Fused silica 150 4,57 10 400x400 lenses
(633) (61x61mm)
APO-Q-P150-F3.5 Fused silica 150 1.6 3.5 400x400 lenses
(633) (61x61mm)
APO-Q-P148-F1 24 Fused silica 148 0.6 1,24 400x400 lenses
(633) (61x61mm)
APO-Q-P100-F0,217 Fused silica 100 0.1 0,217 500x500 lenses
(532) (51x51mm)
APO-GT-P100-F0,143 StiH-53 100 0,12 0,143 500x500 lenses
(633) (51x51mm)
APO-P(GB)-P250-F0,57 BE-T/NOA-61 250 0,32 0,57 25x25mm
(633)
APO-P(GB)-P200-F1,25 BK-T/NOA-61 200 0,7 1,25 40x40mm
(633)
APO-P(GB)-P200-F6.4 BEK-T/NDA-61 200 3,32 6,4 25x25mm
(633)
APO-P(GB)-P300-F1,7 BE-T/NDA-61 300 0,94 1.7 25%25mm
(633)
APO-P(GB)-P300-F107 BK-T/NDA-61 300 60 107 25%25mm

(633)
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JUH TR A% RS AEHL S B0t

UI- i UI- Ti= UI- UI- Uiz |UI=33700R-
7 1242LE- [ o - | 3060CP-}- [3140CP-V-| 3200SE--| 3240LE- | 3360CP- | NIR-GL
NIR . GL Rev.2 | GL Rev.?2 GL NIR-GL | NIR-GL Rev. 2
" (a) 24 ) a) 56 I
T
W% (fps) cb> 5 25 166 224 24 § 152 80
= ] 6mmm<§§§£11LMMm6lﬁmm iﬁ?ﬁ;g;iﬁqﬂﬂMm1H2MmX
f 5. 427mm - X7.126mm| 4. 915mm @ ! - " x5, 984mm| 11. 264mm
1% 2 5.3um 5.2um 5.86um 4.8um 3.45um 5.3um 5.5um 5.5um
LB BT 51 2
nre o | 22%x18 | 22x17 | 37x23 | 20x16 | 47x34 | 22x18 | 37x19 | 37X37
GOE R
300 um)
% B I AL
4O 5 R 396 374 851 320 1598 396 703 1369
300 um)
137 s P A L
(w,;%q]j_ 45X 36 | 44x35 | 75x47 40x32 | 94x69 | 45x36 | 75%39 75X 75
T LSRR N
150 nm)
PHO B AL
(O R 1620 1540 3525 1280 6486 1620 2925 5625
150 B m)
t“E:

LER IR mZED (a)

(b) , B (a) J5HLRRA T RAME,

(b) 15H MEFHRAT WZE
2 FRABEHEREL . RSN, SHAE/E, MIFmERA
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4. WIS AT A B

BT S BT A% R 4t FrontSurfer 1] 55 Shack-Hartmann £ &S AC &, BEAT I 802047 |
S — R T

® ENABUICE BRI Bk, B SE

® I EIRRE R (IR B R EES

® 5 OKO I S S GRS &, S Fs i FIAME I AT I A2

FrontSurfer A PI/NRAS: 1) RAEATREATHT: 2) Beri o Hr+SLms 24 .

I E A

i3S Frontsurfer, W] DABEATZEX0S AT E (XD FARXS AT & (SHBRD

D 2 BRI A A AR e, DA IOy BT, BRI AR S
GiFESDCTE R T SHAG BUNSHC R LR BT . SEBRE AT, R 2 S R B AT 5 N
S BRI o

2) ZHH: B HOCHRE OISR, Wk R MRS BRSPS, IRk
ZARPR L B VBT S5 A s 15 SRS B SR T DA bR 5 2525 A b LA, AT
TR RNZICR S S R 8] AR B RT A A o DR I 75 22 5 4R A RE v 530 R AR B AT A2
.

BT REAE BE AR bR

®  JUEAEEE T LAEF] A /100 rms;

® 7E XTHERI” S BN RIME 2

® I I A IR AR B O R

o —HRLRAF T I B A A A

® LK A5 758 LA Zernike £ AL
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File Options Processing Preview Mirror Help [ h

@) ||| | el Peaktovalley = 5 750 waves

fInterferogram is ready = RMS = 1.160 waves .
Wavelength = 0630 mic

Optical power = 1.3940

w / Measure
Profiles Help

Peak-to-valley = 5,343 waves
RMS = 1299 waves
Wawvelength = 0630 mic
Oplical power = 0.088 D

o
Hi

T iy

il neml'm
lﬂ% il i

Edit View ykEye Draw/ Measure

5 Help

BGRE (128 x 130) Frames: 22089

(_EWEFT7n 7 Frontsurfer 80X 0t AR I I & (145 2R, BL=423 8] L T35 B o il i i o
FEMEERY X e AT TR, S SEBRI A SRR R, U T A R . D
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5. HEBENEZERSR

— B S BEI PIIA B 3G RO 5 A G AT AR BN 75 SRR 2 A s A TR 3, B AR
M RIFAAR, EEARE—DRIRE . — DB DL — SRR AP A
PR B & R OG5 R 48 LA 22 OKO A ) AE 77 1) 96 Gl WIS AR T B il . %R TE B B4 218
L R ABUNTG RS ASE ALY, BRSPS s = st 7T
INEEER

—E SRR A S RNOG Y RGN AR RIS - thEOnE K I HE EDS R IR Z L (i
P ARG G, NSRS . RTRE 2GR R ERT AT W SR IE, SEOHGRE
21 AF RGUAE B PATL G . BT AR BES R B E ST, IR S =
THENLEAT M A B . THEHURSE 2 BT8R A AR R IS 5, REARTES, KRB
ﬁ%ﬂ%ﬁ,Mﬁi%&me*#E L Tiﬁﬂﬁﬁ,ﬁﬁm%mmﬂh%%%

OKO Iﬂﬂﬁﬁfj‘é%%é&i%%l@

ZARTET N 96 WIE =& — MBI BT, FEORFR 2088 A I RIS SEI T e R,
FRHT i AT ik 2 kHz,  BENS I 2 S AT IR 1) il R IE TR SR . SEAH 96 ML AT 3%
ZA R P AR IS, AT SR IERRZE . . M REEESZFMEMEZE, Sk
2RI E FIRER I .

I FT A% TS 2 (R 24 OKO 4 & 4E 7% (¥ Shack-Hartmann 3 A {5 /&a%, 73 Bk 1280
X1024, EAZ) 700 MEEDN 10 mm B 75& 8, MRMLEEEY 150 wm, IEH TAERAERE K
zernike BEFCIRKAER] 300 By, AR 2 48 K07 FH PR EE T 0 & 75 oK

96 JHIE AR T AR = HLE 2 (bolique trefoil, /) , EZ (vertical coma £7)
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J\. =EH ALPAO AFH]

ALPA

H
inl
>
o

ALPAO AT A

72 [ Alpao 7EL) B R K BB A /KD F Floralis 2% (3R R AR,
e KB TET I BERNGE= S AT . 2006 FEFT 2008 4, ALPAO 3RA5%: E 78 34
RIGHEA S .

TR 72 i ELE T AR SO B, AT AR BT & O RGBS 1K 5L ]
R, M, SR, TGRSO BT

4


https://www.highlightoptics.com/Brand/414.html

ALPAO FEr2 4.

1.DM(Z 48 )

R BR B K AR T4 R SR B /N AR TR

2.DMM  CRI AR AR S AR 458 )

3.SHWFS (& 50-as & BT E s

® ] LG AL R

® EZLAMGIL T AE R

4. HIGER RGEA

ALPAO HIERDG Y R MRV . AL . ACE Bff (B RTC #ZH 248D MAL
FITA R0 05 P EL P o FRATT AT AR 100 AR R BE ARG B 5 €, RIS 2 2Rk
(R FH 75 3R 5 SR8 46 A

S RARAMEELF

ST ER BN AR , ALPAO REWS NIEHR A3 K 1) ALPAO 32 HF & (ALPAO
RTC) . TR —EHET linux G CPU [MSLRHEZHFE (RTC) , TAEW L& mIL 5 kHz,

M4l ZER B [ EE 21 s,
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1. &8 (DM)
F R
® IR ARJBAT AL R R AL AR 2RI AT A, DL SR e e R G
R L A T B K 7 FE P i BT R A A P & D 2 R T AR bedn, FH P ARSI
FABURMEE (RIOESEMAD , S0 DM 724 KR 25 48 DUEAT Dot Z Sl (i
WAERHD B TR IERBRF= A 1 KIEE S 2 (RIREERAD

+/-90 pm  +/-90 pm
O <
re—
+/-60 pm +/-60 pm +/-60 pm

S ® O

+/-40 pm +/-40pm  +/-40 pm +/-40 pm

o "‘. "" " (. .)
\-!./ &’ v
+/-30 pm +/-30pm  +/-30pm  +/-30 pm +/-30 pm

(;?Q) N g T A
O w W B W
JSEFHRAS T4 DMO7-15 AT 4Ll 133 Je s i X e
® ZASTERELF: DM RS E N AMICE 400 us GAFIREE M £10%EHE KD , Hid

WA /N HIE NG5 R G IR 8] 5R 22 PRI KR B4, T L DM RE WS B AR 1Y
RIERCR -
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|
o H10%

0.8

0.6

04

Actuator motion (au)

0.2

1.5 Time (ms]'

_IE)____ e e et e
n
==

DM292 ] i 7 ffy iR w3
GE R AR BT £ 10%5FE LT < 500 ps)

® UL IENE KRB : DM JLTFRARTRE (< 2%) , HEHRLFMZMEE
(> 97%) FI MR EME. X ALPAO ) DM FFs I s e, B maniz 24k
AN
® LA Rl K R

« TAEIRE: -50 %35 C*;

o DRAEERBERL (i ARSI |

LIE T3 KAENT

o QPRI HIRG L

o TORYE

o RIEHKEEZ < 15 ARMS 14;

o (R PR A5 07 RIE *2: 880 mJ/em? (@12 ns, 10 Hz, 1064 nm) /50 W (CW@
1064 nm) ;

o STR R [ BR AT A2 1011 YA A 4

o AT/ NFFHEE < 10 nm RMS {H*2;

« DM &5 shas K M5 ARG, DMX R BIEsh 8K HI /S R HEA 2

7



< PRIIAEUL W3

s BELRLHTT. Rif.
QAT
1AT R 2SR 3 R R 2 e SO 5
2,004 75 B A R PLBEOR SO .

TAEIREE: ALPAO 1) DM & H HL R (2 80 28 X 21 1 3% 8 S S B3 10 o
KB & At ALPAO ) DM & H T Labview®, Matlab®, C/C++F1 Python #4145
3l (SDK) . FrA R AR AR #8558 Windows ® XP (32 47) , 7, 8.1, 10 (32/64 £i7)

FYFZ Linux® (32/64 1) HAE RS HZ
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5 wn)

\3
7

(i =SE W
(%O0THmaah sw)

2
&
1
2
%

DM69-08 56 038 80 40 25 1.5 400 300 52X 74X 35
DM69-15 69 105 1.5 7 60 40 25 0.8 800 700 52X74X22
DM69-25 175 25 ’ 40 30 25 1.5 600 500 62X84X23
DM69-50 35 5.0 25 40 30 25 1.5 600 500 100X120X40
DM97-08 72 08 80 40 25 1.5 400 300 52X 74X32
DM97-15 97 135 1.5 7 60 40 25 0.8 800 700 52X74X22
DM97-25 225 25 . 40 30 25 1.5 600 500 62X84X23
DM97-50 45 5.0 25 40 30 25 1.5 600 500 100X120X40
DM192 192 21 1.5 16 15 10 10 0.5 2000 1500 70X 110X 82
DM292 292 265 15 20 15 10 10 0.5 2000 1500 70X 110X 82
DM468 468 33 1.5 24 ; 12 10 10 0.5 1600 1500 90X110X124
DM820 820 45 1.5 32 12 10 10 0.5 1600 1500 100X120X120
322
DM3228 g 93 1.5 64 10 8 8 0.5 1200 1000 140X180X180
DMX37 37 100 7 30 25
DMX61 61 130 9 25 50 40 244 X290X 78
20.
DMXS85 85 170 11 50 40 25 2 400 400
6
DMX121 121 200 13 50 40
30 350X 380X90
DMX163 163 240 15 50 40

*7%: ITH ALPAO [¥] DM [NAEZ IR Z#E S 3%, DM R IR R Z K E 2%, DMX
ZAINHERI R Z N 6%. iR FYERE.
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100 H78 LAR ARG 1 HL 742 11 A 100 #.75 LA AR 1 L 542 11 A

RIS HL 7 42 1l A

100 Fyc A M A AR R 100 5151 L FAR B 1

HLT P A LT

16/14 fir

USB/ LAKM PCle H~ CRLETEHEBIERIA)D
< 150 W < 500 W
110 % 250 V AC, 50 % 60 Hz
4kg 10 kg
31.5X23.5X13.5cm 37.1X45X17.5cm - 4U HL2E=R
0%E35 C

2m (5345 5m Al 10 m A, WK #ANEZ)

< 10 us
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AIETH
o RAILE, WEERGY BRI AR BLA M RS E 1 R

TR Hif S
(om SR FREi Al i 45 i

=Bl 7 12 2 X2 X2

® ARE FIEIIRETE DM JFHF AR R SR {3 50 47 (¥ M e e 3L

o BRI 4, FREHR AL O A B E A T

e

o EEEH A M TRTIEE DM HOMURL . i 23 B DM TE6RE th A% 5%

o HIHUE G

Ml NI A B KR P R G P R AU R R

o [(EEAEE: HEEMA SR DM AR ISR H AT R B e
BETEH DM BE 5 —e¥ P a L, e RE 1 DM;

® LED &T: 64 B LED, LK DM [—AMEsh 3. X — 15 & vl # Bhik A -
BF& E CRIF SR I AL 33— 6 BLIER DM Z B HEAT IR, DS iR 48 1 it
i DM #i34 .
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2. AIAREES RATEE (DMM)
A AR TS SR B T B N B LR 2% 22 B B IR IE BE 0 o 8 AR 2 i 4y
xR — RO 2 (B ESEED , IR, .

(ALPAD ,

B EInE

o TR AR S N — AN JE TR RN SUR T

o fikFRWMBERIL: WLEKR (RH 100 um) , MERZED (RIK2%) ;

o {hfirtte: %08 OEM MBI,

PEJE R Z2RE: DMM AT RS B A s BE R I P JE ik 22 . W ERIER S
MR ZE, BN e A M B AR AT PR Z R, BURIE R IE (AR 2= .

Amplitude Fitting error
+ 100pm ‘ ' a_ 2%
-
-
+40um N (. 2%
w7 -
- -
+ 25um & N ' ‘| B4
w’ -

+ 2.5um Q: 20%

DMM U5 Je e A% 7 (i ML R AR AN & iR 22

82



T A TR RN Bk e

=5 DMM
s ) 1 B B 8
L2 EA (mm) 13.5
. P FR o i -
e EIEZNE RS TE R £ 9i%s A
(RMS, nm)
R & (PV, ) = 100
WA LTI o
MERE (%) * < 3
. WA & (PV, um) = 20
B AR M ‘ *
WERE (%) * <3
B R R E (PV, um) =1
ERE (%) * < 30
WS — B RE (H2) > 120

R R E I E] (ms, &3)F8EH

<
fI+/-10%) 10
PELMIRE (%) <5
Fotrig 2 O
RiiRZE (%) < 5
FIAEAREE (mm) 50
WA R~
FAEAKE (mm) 50

*E: FRIRSEIR IR S TR AR R MW E A SR AR &2 (RMS #D

RE e R

® ORI PR

o LIRYHE;

® CRIHMHAEE< 15 A RMS fH;

® HItiiR{E: 880 ml/em? (@ 12ns, 10 Hz, 1064 nm) /50 W (CW @ 1064 nm) ;

AR CERMA R HAt LR RO Al Ss) , & 5 €] DMM

77 o

oy PR AR IEIE 73 B MR E R 22 . BIUAE, B SRR T B ZhERZE
TR ARG E E B AE—FEZE S | ALPAO (1) DMM (1 BLHEA= IR, 345 P Re7EARL IE 5
AT AR HAR M BLAT R ZE -
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1. DMM WE —/MEHE. KIFERE T R4, BAAECURME T (EEH
ARSI USB #211) o WAMRME— AT W TR S I 5 APL, & n] 3ERAL M IR FEiE S
MEAE RS, BT, Kk, AT PUB AT R R 5000 28 3L S DMM 42 i1l A

il #325T ALPAO DMM HIBAEIEE 3BT, BIRE S MR EERBIEK ARG T,

3. WHETERE (SHWFS)

ALPAO 5 wi-MaH5 8 ai AL KA (SHWFS) eMi—L N HIER 6% (AO) Frtit ik
A IS R AP o 31X — RAUP= A e ERE, B8 ST FE PG % RGAHIE R . REVE,
SRAEIZE RO 1l o 7 90 [ P AR 465 F 75 SR BEAT 16 8% T ). ALPAO SHWFS #fifie 5 ALPAO
B (DM) M ALPAO BAFFISEI 18 51 & 78 R M4

ALPAO 1] WL B A5 B 2%

R A
o CENIHARG: TONHIER DGR
o Eil. [RIEIR: REVURE S AIA 28.14 kHz $EIRH AR E 10.7 us;

® S RBUE: SNR=1 BT HIRE 3 T /Mi/+fL1%.
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Quantum Effiency (%)

F 3
100
. 75
£
-
2
o
i 50
£
&
=]
25
I
I
0 + >
300 500 700 800 o Hmﬁt .
K, OSH-EMCCD fast, @SH-EMCCD,
BSH-CMOS, @SH-CMOS fast 1 L7 B 0%
F
100
80 M —-——-\
B0
40
20
0 >
800 1000 1200 1400 1600 1800
Wavelanght (nm)

SH-InGaAs-fast ( T/EF 20°C) FJHLT & FR0%
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PEIEAR SR

SH-CMOS SH-EMCCD | SH-InGaAs
5 SH-CMOS SH-EMCCD
fast fast fast

%?Léi&i 50X 50 64 X 64 16X 16 24X 24 64 X 64

96.6 112 192 192 120
AR AFLAE (mm) 4.83 7.17 3.07 4.61 7.68
PRI R AT AR
119 1730 1004 2067 690
(Hz)
RIO #% 20 N #
TR AT R *1 477 28140 1838 2067 9598
(Hz)
BRI 28 B K
67% 50% 95% 95%%*2 80%*3
B THR
S0 by —
100 1000 3 4 400
B BT 3k
Bk e
(H T3 2.1 37 0.1 0.3 40
RMS)
ALARL /25 )
62/15 96/24 13/3 32/8 123/30
BEE (nm
2 2 2 2 2
RMS)
T i )87 3 VIS VIS VIS VIS NIR

#*7F: 1. SH-EMCCD fast 1 SH-InGaAs fast iX P2k WFS LA KA R4t
2. fE-45°CE;

3. 7E20°C=
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MRS (AL Hz) F5 A2 51 WES X R ARL A .
e IR R] (L7 ws) Fi A2 MR 45 SR BHE A% T 46 2 18] R[] (i 2 S AL
AP R ).

SR SH-CMOS SH-EMCCD | SH-InGaAs
SH-CMOS SH-EMCCD
DM* fast fast fast

477 Hz 28140 Hz 1838 Hz 2067 Hz 9590 Hz

8X8 DM69
5000 ps 10.7 ps 69 us 43 us 23.3 us
417 Hz 22080 Hz 1004 Hz 2067 Hz 6510 Hz

10X10 DM97
5000 ps 11.2 ps 68 us 43 us 23.1 ps

317 Hz 14660 Hz 1004 Hz 2067 Hz 4760 Hz
5000 ps 12.48 ps 64.8 us 43 ps 22.9 ps

15X15 DM192

302 Hz 13010 Hz 1004 Hz 2067 Hz 4760 Hz
16 X16 DM241

5000 ps 12.79 ps 64.2 ps 43 ps 22.8 us
266 Hz 10020 Hz 2067 Hz 3650 Hz
19X19 DM292 /
5000 ps 13.78 pus 43 ps 22.7 ps
229 Hz 8000 Hz 2067 Hz 2900 Hz
23X23 DM468 /
5000 ps 15.30 ps 43 ps 22.4 pus
179 Hz 5220 Hz 1970 Hz
31X31 DMS820 / /
5000 ps 18.9 ps 22 pus
118 Hz 2620 Hz 960 Hz
50X 50 / / /
5000 ps 31.1 ps 21 ps
1730 Hz 715 Hz
63 X63 DM3228 / / /
42.2 ps 20.2 ps

*7E MR Fried geometry Ji U A 5E .
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T EMGAHI G A AR G R CRAL um, PV AR A RUB BRI 1 1E .

SH-CMOS SH-EMCCD | SH-InGaAs
SH-CMOS SH-EMCCD
{42 ROI fast fast fast
8 X8 DM69 7/1 9/2 51 8/2 11/2
10X10 DM97 1072 12/3 6/1 112 15/3
15X15 DM192 16/4 19/4 10/2 18/4 25/6
16X 16 DM241 17/4 21/5 13/3 19/4 27/6
19X19 DM292 21/5 25/6 / 23/5 32/8
23X23 DM468 26/6 31/7 / 29/7 40/10
31X31 DMS820 37/9 43/10 / / 56/14
50X 50 / 62/15 72/18 / / 92/23
63X63 DM3228 / 91/22 / / 118/29

*E: 48 Fried geometry Jif Ui 72

WES #h 5

SH-CMOS SH-CMOS fast SH-EMCCD

44X 29X 29 mm 63X 63X 47 mm 156 X 156 X 204 mm
HAASHES%:  SH-EMCCD fast 242X 175X 76 mm.
SH-InGaAs fast 55X 55X 80 mm
SH-CMOS Rt 5 KK USB #i#fs 4k, H 4 SHWFS #FL % 5 KK Camera Link 442
BAFATERA) . ALPAO SHWFS F4E 520 Bl 60 458 e S AL A B AR 9K 3)h (SDKD .« B
FR BRI SR B, DA 3 N B P R 3 B 2 BT 6 . ALPAO SHWFS B7E 5 ALPAO
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U 5 B8 (ACE) B ALPAO SERHZEH T4 (ACE fast) FC&fFH . X B AREE
SHWFS HIfftGeya N, 72 5 4MNE %K,

4. HENRGREM
ALPAO HIERDGERGMATEG . Bilfeas . ACE ¥ff (3 RTC £ 258 HAL,
P A AR P LS S o RATRTIRBLREIE 100 A A R BE 1 PC B 5 5

el

= l =
BEF TR A

o EHITRFIA: RICHE, WA BRHEUR, BOWGRBEE, ML

o EflEMLREN: LRI, BRI rTIE 100 ZFHECE T %
o miEMEL: BEHE AF REHNER IR RGNS R .
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BAF ACE Z5K):  #4 ACE & — AN X 21 MATLAB® L EAH, S5t px.

o @ W

. IF-II"' ..
° T
aceDM aceWWFS aceCam

ot

1

=

O

ol
ORGFHAFEIE A RIE EFIRINMESH P TR S
@Matlab®Z il : R HEFEHIER xS ] 75 R BEAT 2 il
OREFFZTE : DUMARE BT Rz H BT B, SRS TR .
PR R

® P AN HIG RO R GG A

® XPtHA AT SR E

o IRIEEMBIIFACE, Sl LUAS] 450Hz PR 9 5

® SN KB AN R B I LA Pl 20T

® LR A/ DXSIE BT B A T 3

o It B KHE B SCRINURB, kA IR U5

® R R DU 58 SO i T B

® HATICUHT HIENDE S

o TS, RIEIEREE,
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® EfTH O H BN

® iR AREI A

®  JIUFHIFI G, B ATAR b B AT HEA

o REFELEEAMIE B/ .

ACE 15 AR E 2k . 4 Gb RAM, 100 Mb fii#i 75 (6], Matlab R2017a B¢ A A
(Matlab ANEFESIEHE YD .

ALPAO EIEREH A AT I 100 2 FHEC & 7 2 b b A7k P H P ARl R G 0%
BEMSEEE . RETAERK. TR FH, SHBONGERNTTR. ALPAO MBS
DM97-15 Bt & i i 4% /25 SH-CMOS Fl ACE 1 BT # il — v Re th . MEM EUAR s i B
ENDEEEA . B RAARIE RIS ~60 W E w2 A /1. BT ACE R FFR. RIEHIHE
B, PP AT ARSI R T S 28 A, B R SR BT S

ALPAO #4%/F: DM97-15, SH-CMOS I ACE #ff:

JESE ALPAO Hid@ NG BT Al G 23R8 — & 4F R4 (S0 F@ BN *!
BT (DM) R R LB (WFS) ZIE, ¥ DM H 8GR & ) WES i,
R E L BOC AR R R . HP RF Lo M ACE W #RRTRIE 58 ot
EERD AT,

i B AE DMX REVETEE MG LR
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FENHT DM 1 WFS 2 [8]ff] 4F 24;

T RS A% (O BPR RP ] 258 AOS-pu (ALPAO FI-F 2 (A% 1 BV 44 B ) 1 36 e 2
R0 e g E GHEERS, IR ALRMBEHMAGAS) MR IEZRGREER, Hik.

D MK RGRECE:

® ALPAO % JE4i DM97-15;

o AT PEREARAL AT

o  NEMEEHEIL;

® RIS

o TEFIRALA ST

2) AOS-pr N T K2 BME R4, -

o T Wil

o ILAERHE,

® PALM Al STORM:;

o LB B
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AU R S

T AEMHR —E R A IR, DAE RRE B AR i e 1
R BERNEY RS A EHBEERDEY RS
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5. RKAmEAMEEMH (RTO)
X T ESR O LN, ALPAO BE % 9 I 7 12 (it 52 K1) ALPAO K IZ 51 &

(ALPAO RTC) . E—EHT linux &4 CPU HILhHZHE S (RTC) , TAEH % &5

15 5 kHz, TM2EZERR EMKZE 21 us.

ALPAO RTC MARF AT 451 RTC MK Z L vk AO M3t AR HEAC % ff
PIPAVE R G, kB EUR H i fe .

RTC #1521 ACE T AN A2 b fEHFYEEN, ACEIE TIET 100 ££&
FUERDGEREG T o FlT A2 T RS HE TARE R Matlab®FF 555, XK T T &M s 1K) R i
J
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RTCH T
kg '

R g B EE I

RTCIZHIT =
ACE

I

AR

EELL SISO 452441,
RTC:fx i LAEH ik 5 kHz, ZiZERI 85 T 66 us;
ACE 8 S R, BB RIE:

T AT Windows/Linux £%t, 4 Matlab {# A

P SR AL LU T Thg:

® RTC /KL HD R AR AL AT o - A/ Bt 2E AT B3 U 5
o R IARRARIN: WEIREER, BLO/RREdE, BT, BEEx®
TR VR« 72 =R S EL R

o RN TAFEEIATSHIE: PIrmtE, CCD #at. B, MK, &6
IARRTERE, REREa..

o JIACHIER T AR HERIE: WS H BB HRIE, MR, T AL RS
57N /] < I

RTC [RGB S B e e, P A e 4% TS [ AEHLAR (1000<600 X 1160 mm?,~

150 kg, IhFEHm K 4 kW, EZARHERREE) F, AR 164E:

o MATHHFAKKBERSES (19”7 X1UX400mm) ;

® T IHATH/AKL Linux £4t% CPU k545 (19”7 X2 UX~900 mm) -
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IFIRIVERE: ZWl. PEEh AR R PP RERIRR E FEA 2 M AR KRE R . 72 T iRl
L 2 kHz BT IR G LA 10 MR E Rt WF BT B A 2, aiEiB

IREGE o

RTCHE R A [EVSIETAH ] RTCHESRE 3] 75

140 " il
w |

RTC latency (us)
g B
]
count

=
3
=4

s oo
s 3
=

20

0
00:00:00 02:00:00 04:00:00 08:00:00 08:00:00 10:00:00 0 50 100 150
time (hour) RTC latency (ps)

o
i
2
']

&

Rejection gain (dB)
\\
)
AY
A
\
Y
LY
N

BB A 230 AL PROS R e
(DN97-15, SH-CMOS fastHIALPAO RT) P
3 A ! 10 o FTEJ‘-?GUI'?W(HI)
A AGRMERSEERERERS! SEFASH-EMCCD fast(DFISH-CMOS fast(2)4y BIED

AALPAO RTCFIDM292 B0 B A0 45 E

ERERE: IR ERN T LR EE R ALPAO BEff—
® R TR AL IR ZE R 5 e B A AU S
® RHEARZE Mh A DU AT D1 BOR B E P AT AR AR K A
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WES 1L

% ROI

8X8

10X10

15X15

16 X16

19X19

23 X23

31X31

DM69

DM97

DM192

DM241

DM292

DM468

DMS&20

SH-EMCCD
SH-CMOS fast SH-EMCCD
fast

A U7 A

RTC #EiR RTC %R RTC #EiR

AO ¥ RIE | AO MIFFRIE | AO M AIE

iR iR iR
5000 Hz 1838 Hz 2067 Hz
21 ps 21 us 21 ps
77 ps 585 pus 522 ps
5000 Hz 1004 Hz 2067 Hz
21 ps 21 us 21 ps
86 us 1034 ps 522 ps
5000 Hz 1004 Hz 2067 Hz
24 us 24 ps 24 ps
127 ps 1044 us 532 ps
5000 Hz 1004 Hz 2067 Hz
24 us 24 us 24 us
133 ps 1051 ps 538 ps
5000 Hz 2067 Hz
27 ps / 27 ps
167 ps 548 pus
5000 Hz 2067 Hz
66 pus / 66 pus
253 ps 606 ps
5000 Hz
66 us / /
336 pus
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SH-InGaAs fast

g
RTC #EiR
AO ¥ 24

R

5000 Hz
21 ps
139 us

5000 Hz
21 ps
188 us

4760 Hz
24 us
254 ps

4760 Hz
24 us
260 ps

3650 Hz
27 us
333 us

2900 Hz
66 us
461 ps

1970 Hz
53 ps

641 ps



RTC AT
1) ALPAO RTC AI#EATEHI, LLIEMZ 7 IR -

o RFE4LEH: HIANEML, BEMAZHLMZMAZTHLH:

® LK RERAEN:

® IR PG RIRT. AT LU T 1 He,

® QIHIEFEHIN R +-10 V ISH] 14 ALEE, il n] A TR B R
2) oAt e ) 550 H 3L 45 -

® EMFEERK;

o CRAFRRE R

o G BAURHIAE ..

FHT RAURRAME T — I & 40: ALPAO RefE N K AME IRt — B — R A&
R RS ATSRERC A AR SR B0 S R AR A E .

WA ARG E N

® ALPAO JE4i;

®  ALPAO P i f5 184

® ALPAORTC;

® kL

® (R

o  {HRMERAE

o HTHOLREMEET GEH RS

o UL EMMBURLG;

o RLEEAANL B AL A AR

o HUEAFfERI

ST NI -
® IO

o EHIRE A LA RUE;
® i EDEEE;
® XKL RHOCII TAME o
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100

75 5

Strehl ratio (%)
3
-
- -
)e

25 A

Magnitude

w EE, =FRRO T REMIRERIREE: AMEH A0 (©) , f#iH LGS 1 AO (®) ,
i NGS 1 AO (@) , R4 Diro=8, HIEMNIEFERG AL E DM292, HIiEMN G

SERIEE P& ACE fast A1 AT AL J84s SH-EMCCD fast.
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. BAF DO AF]

H
inl
>
o

DYNAJ|IC
OPTICS

DO AF] it

BEE IO A BRI BAIE, Je SR TIHIERDE R A T E M ER. S E L
A SEIG B R 2 RGERE W AN R PR B0 SEIAR 8 BAR » LA KOS A I 4 v A AT g 4 1
B BB EATHE, FINOCHREIL A — € 2K HERDLE RS RETIEE
PUIX ST 7% (1 T RE ¥, 17 55 KR Dynamic Optics 2 R ARHEATF 78N 51 SEPTIRAE H 31E MO 240
R0, I AT EORRI kS 1.

AT, ZA RN R AR RES . BRE . AT RIREEE) T2 H T BAE R 7.
R FOCE . MR AN AR 555 2 ik
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DO FEf .

1. i R AR T 3%

2RI I

ATV S B A 28 1o v S S R U BRI 2 5 3 T DO R PO M SE O L
HAE

3R AT AR R

% K F Dynamic Optics $244% ] Shack-Hartmann 35 Fif 1% Js a4 77 SR 435 R 5 FH M 22 T i
B TR T LT MEN e misH] 1 kHz (8X8 b)) .

4. PHOTONLOOP #f4 G 43 5 il 5 A+

FH T 1 3 L i AR T SR B 1) PR 2 1

5.PZT-mini 2 &% (CWRBIFEFF)

6. 7] I BB

XK A0 REGUE T — TR AR, 7T DLz B 7E [ AR BRI IE S AT T, XA 5 B PR
AR . ARG RS Hodi e, IX TR T HAA L . I B IRE) & BEAs 1%
i s HL TG, SIS [ £ BE XA v R 1

7.7 KF] Dynamic Optics /= & [ 3% FH
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1. BENMRHES

& KA Dynamic Optics & ) H 1& N AE T35 B REFEIREED AO RGLH B A EANERA,
R HE O, BA BRI R S FE2E W) B AOSAG AL 0 5 18 1 55 0F 2 8] R RE AN 1
FARSER B Uk, AR BB e e DL BRI %

HI&ENALIE BT REE /N T 5 ms RN SR (8] AR 4 B zernike R Z M0 R RHFIE, IFH
AW TENDGHGHEG R, TR E TP, MeREREE. RETIERMA, 1Z3E
#E AO R G HLI L 75 ik +%

b /

-
) -~
‘ 1
- S,
p— S
AR50 AL1810 SIS 5 8 e 22 T =X 10 &
TERE A HE &N AR E R A T AR SO BRI IR R 2

H & NE S S HUE
i e 10 mm (24t 5/16/25 mm)
BIIRE AR MgF2 2
HiE 53 mm
[E1:4 23 mm
EIEFLAE A 1 R 3 mm
pii S 92% (I AR RE) 197% CH AR 2D
UK A A 18 B 32
FH - s i) 4 PZT Mini (+/-125 V)
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B ZRIERET]

AR 23.0 6.0
51 12.0 2.5
B 9.0 2.7
=Mk 7.5 1.4
5= 4.0 0.7
g 4.6 0.7
ZHr &L 1.3 0.2

Wz~ AOL 1810, FE=RSHuR.

i I 10.50 mm(t# AT $2H 5/16/25 mm)
HiE 53.00 mm
e 23.00 mm

LR P 3 mm

53,00 23,00

11,60

10,50
12,00

M32x0.75 ¥5.5

1,30 ¥1.0

7= ] I E
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AOL 1810 HI¥fh Zernike 15 28 11 &
(10 mm FLIRIES, WEKA 633 nm)

%% CRMEED g (KN 633 nm) VIR (BKN 633 nm)
KA 20 5.5
e AR 20 5.5
LIEREA 11 2.5

B 8 2.7
FRACIRE i 11 3.0
BH =M 7 1.4
ZEHHE 3.5 0.7
K % 3.5 0.7
R =¥ 7 =
BRHE— 1 0.2
K 5 R 1 0.2
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Transmission (%)

100

90

80

70

60

50

40 |

30

20

10

NEN AOL1810 #4161 CRIRERTH)

Adaptive Lens transmission spectrum

| 1 ] |

500 1000 1500 2000 2500 3000
Wavelength (nm)

] I | I L

-2 0 2 4 6 8 10
Time (ms)

N AOL1810 FrAEmy M} [a] CBEANFATES) « < 3ms
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Waves

2. B REH

AR T S 5 G A 2 e 9 v S S A A s 45477 AR
Ji, RAGBME EIE 20 Jem?@ns A1 5 J/em?, ZEIR ELHL
iX, &M T EFRBOCHESROCH &Mz .

AT S B AS S5

i o] I 10 mm-200 mm
Wz SJEB AR (R KT 99.99%, =it B
M . i 1] (R AN AINGN
32-96
LTI Eh 8 RT 117 mm X 80 mm X 32 mm
SRV 12V

HEAH Zernike HE 5 1 &
(18 mm BT S 885, 1 AR K=0.633 nm)

I Pt
[ RMS
[ |Res.RMSerr.

2 4 6 8 10 12 14 16 18 20 22
Zernike mode

106



3. Bk S Rarie R
& K #] Dynamic Optic #2& fit # Shack-
Hartmann J5¢ B 4% B85 72 R SR 1 A0 5 HI M 22 A i
B 7 P AT BT R RIN Re f ik 2] 1 kHz
(8X8 L) o

PHT AL RS S HUE
BUEGERESY 2 géal?ﬁﬁfﬁu )
it 28 500 fps (1000 Hz)
Rl R 9 mm X 7.13 mm
fLiz 9 mm
IXE H s 5V
HfEEN USB3.0
Eil EiEZ N 7SS ]
I iE A3 TCP-IP #HAT4mifs
BIERS Windows8/10 X 64

Alpao, Adaptica, OKO, BMC, Thorlabs

5 A AR B A A o
and Dynamic Optics
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P s T

10.4 @ 1080

“ .18 ._ L
1 ’L J L M2xd (29

_lUSB 3.0 micro connector

- 426 -

_| 1380 s
W335 ()
@ 2.50
5] i
i
'l
i
W12 (1)
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4. PHOTONLOOP CBBi4#r 538184

A8
80 % ‘
60 %
E 40% ‘
&
=
Qo
Q0
=
aQ,
g 20%
3 |
= !
() |
0 % | |
350 400 500 600 700 800 900 1000 1100
Wavelength (nm)
B A RS BT RCR
PRI 28 £ b
BER 586E-06 m
R R4 R T 81 e-/LSB
I Mg 7 736 e-
WA = 305E+04 e-
ADC 7 ¥R 12 bit
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5. PZT mini #5488 (ESHFEF)
H T a8 065 2 47 48 B & N IE B
AT IS 5 1 e TR SR B 2%

PZTmini %] 4% 241
i EIE 18/32
fe P +/-125 (0-250 V)
LY LR 12V
R | USB2.0
) 117 mm X 79 mm X 32 mm
A IR B 75 PHOTONLOOP ¥ fFF1 Matlab
PZT mini R~} &
(1) (2)l (31 (4)1\
00
= =
79,00

(1) USB #10  (2) LEDF8/R4T  (3) JFefsll (4) 12V HEFGk
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6. AIAREESR

% AO RG] S A 8 B SR AT ARSE SO A B A R e AR T P A S e
NGRS B SRR TT 56, 12 AO RGEAT LA YUt BB 545 Sk . A B IRBh S 2 T 110K
B2 ) s L G AT T R A FR) T S TLAN [ 65 B RS A 8T 1) o A 6 A4 ) D) B A V8 s L P ST
BB USRI AT R, 1% T A Opto Engineering® 3k Nk, S
H R HE TR, TR PR A0 RS B AT = il BN AR 7

RS AOL0223A AOL0223B
B (Min)0 (max)+3.5 (Min)-3.5 (max)0
23
ERE DI ES 100 Hz
#Eid > 90%
HiHE 24V
5W

RJ45, 12-pin Hirose

R
fEn
s
e

FrIH DA, RS232, HEfdzdl, Hrsatlss
M30.5X0.5
116 X63X26.7 mm

HL2
AZH.

2R
R

CBGPIO001, CBETH003, AO ML & L 25

I%
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7. B AF) Dynamic Optic 725 i1 52 FH

o A

TE L AR U, KU I SR IR 225 R R RRCR , T A G 1 36 1 2 — MR
TR IE, X R R At e, AR RO B, SRR G B A

I 5% KM Dynamic Optic R4S €5 e H IR AR T B4 76 6 R 1 I AN 3, e g
ARG EIRE . SN EE G b HEEA A0 KRG RER S, BRI
N, ISR TSR IX B R T AR

Adaptive optics ON

EEONE R BIERDE S5 AR B & RO ARG B R

)

Strehl Ratio (%

Time (s)
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o BHUkE

TERAUG R, G TS S5 2, 2k RGN, 1T E & R 51
I IE e R X

— RS LB R B, Db RG R R R, N SN E R BRI A
AR LR, fETENSIH BMARGEK.

Microscope
~ objective

Adaptive lens —

E D B A 3 B B P S R £

fes ARALET; A fUAL)E
PG AR B B 4 S A B 5 A A T 1 AR
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o MMM
I Sk SR 2 A R AR R AR ) KR A AO R GEIM B AR T L

N AT 5 8 2 5 1 A P P4
fo: MRAGED: A5 fRALE

o  EIIEREDL

BB B R P AR, KRR SN FRR AR R
FHAE ] I S8 FT LA R0 iR A 2, ALt A F% IR S Bl RE SRR OB Rk rh B Th i«

BERS 7K TR WO I BT B2, BT SR B B SRS 0 A i 0 R PO JE, PRI o
IR 20 J/em® HIBERAKATAT 4 kW IR DIH0E

o MRS

FE— SR IBB AL IR ER B 3R A0 5 R 40, 7 KR Dynamic Optics 9] 45 1% 4%
BEAFERRRAE L AR B 5T b BT (B DRSE I 2R FEARML B Sk b, IR Bt mis = AR EE

BEAT IR

DO 1) H & MGk v L3RRI b, IFIR Bt 28 3 AN BB £8
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T WL R B

(Frequently Asked Questions)

1. RTAF W%
(1) BRAFAWEEH~G, SHHARE?

REEEET B FIRAF, HETHRASUEH B IEROEF %0 8 ST %
AT O A A E ER R AR, DL RGIREERRE I A IRE, R T A AR R
TR GIMB AR

RN T bR EME R B IER D E BN RG, %R G K SRR . SRR IAE
5 TRERNGE 6, SEEIEIEN Y (Adaptive Optics, AO) R Gt TAEJFEL 4]
Hashld . K=K 0EmE CRIEEE . Barte e Barsmlad) sl T A Fmiks
=4, RSB IFBEBE, B& e e, RATRE . el aT R AR AR Rr A, 3& A T 2
VLS B IE S SR R R SO LRI S B R , th)Z IE F O n T RSO
TAE TR RO SR, S m e N AR AR E . RIE IO BRSO
o EEKOBEELE

K FH AT R I r HEAR B 38 5 K AR BT BT, AT TR B 2 K 142 R o o K

TEAE S AT IE 7 3K o

o EUHKHTLIER A
HA& TR 25 0 SO 5 o HE R R ), AT SERT R SR IR I A0S B, v EE R
FRGIRE A TR R

© BT R A A S
BN e FEh ThRE, SRAbsemt . B AT EHE B R 5 i, KiEdeTt R4

TERR G RN o
o HIERDLY RS RS

SRR AT S AT R A, MRS  R G, ST IR

(SRR IE,  SRAF BAR (R H T Y

DA b7 i 5 BR8P RR AR 485 1 LA 8L FH 7 s EAT IR P s ), SR . RS, AR
P A8 B e S R (3t U8 5 T R (AR O B S H¥

() RAFRHERBRRITEREZD?

T BE B RAT R BAR RS AH G FRATFER AR S HOh 51 T U K AT R AN S5 0l 2
WRTATRE GEE, SRR AAT A NMAT R FIRE) « BHRl, AR KAT RS &
KATFERTTE 20 um OEFEREHEN 40 vm) o HHEHERBAE, HHARNTIEATEH
R,
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() RATRLMETHE KRB AL

FRT, A B E ETFRIEE — R IR AT, I i E RS 363
LSRRI . SRR, RATIES OKO 2 PR BObL b A % e B & B
RTAE, MR B 447 A RHE

(4) RAFRRFLE B ARG B AER?

A H ARG ah B R R R, IR GRS AR . X T R, TR
YO — B L BLAR A B WA AR DR BO N /oK, T S RATERR, BATT R R
R T BLSE BRFIR AT BB AR T B2 7= it DA A2 e D R A T 25K

(5) RLGRBRESEKBAMEHIE O 205 CHRF B E (EHIFI%K?

R EENIC AR AR M BRI AR (SDK) MRSzl D, 32
FF PR AL R AT AR AR s (BUMIRLD o IR, RGEFVRRI € SEHIH
2, DA R e B 755K

(6) ZHBKIRHNRMPKIEERED?

WNE B AT i R SRR, ORI R . LRGP R, HoE
KIGEE S 400nm - 12 wm, EZEBN TR ATIE 85% UL . Hehh, BHRRRE N
Gk, BATE AT PR AU At S R FUBEE A, DL AN R KA i S S A K 7 oK

(7) PRI FESAE AR BOE R KR Bl ?
WAL RBOC R G P RO E /5, AR ROOE S RGP tha) iz
R o SR SR AR BOGIR . Bm e . B0 SE AU, i B OGS SRR M TR N

AR,

(8) RETIRALTEM HIBIAR SR B IR & ?

N FHEAS TR A BARON T ORI RIEAT P RE M BURNSAIE , PRISEARSS R BRI
W AARH T A, BRI SEE S AEAT, ATARAS e B BRSO, DMEERA 17 s L REAT
WA, RN SCRRE T Bt
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9) REBREBARZIFBIERST?

S, FATA R R T RV AR E TR T, DA IR BEE 78 73 S 4R AR AT
AR T e M il R FARP AL

P2

TEBRESEAN G, AT B PRI 8 Bk BRI, I vt 228 1RAE . 4E4r A
‘i DU, ) R A S T THD o FRAT TR 35 I A 2 15 B 2 7 1 R AT 4 N 2 AR R G ) s — 4l
T, BAORTT i RS 7E 5 R IS TR N BN

AR

e I AR, %0 AT DLBE I R R A TR BOR SCRRAIBN , 3RAF SERHE S SRR, AKX
TR e B B 0] R ) MLy o AL, AR AR P TN, RV ST R A
KK H RS D fE

5E BV A BEM B VI -

X RHIEAERZ 7, FATTR M 5 W[50 05 R 55, DAE 1 g A F 3 A5 vh mT i 28 380 ) 3 1) R
FHARIEZ i Rz N BOREI . KR NS EZEE XS D Re N H . RGETH AL
ERtE, BIRE PHEBOR M RGN 46 2 OR 4740156

EHIIE T

W AR E (1) N 75 R B PR SR, FRATTIE T DAAR L A6 B4R 4R S AR &4,
IR PR AR R G G H TR R R E .
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2. RTARRIMLE
(10) HAF PR A0 F=MEFHARR? MEER?

AN T H A E AR 2 OKO A#] . 7 KH Dynamic Optics A ]+ 7% [E ALPAO A ]
IR FE P 2 SRR B E RO e R AT RS, A —.

fif =2 OKO 7 1 Gleb Vdovin 181 1997 46157, P K, 3= HE AR H,
FEAAHE: WHRERL S (MMDM) | EHASEEE (PDM) \ BEHTRIERES . BT
FPAFR LS E AT FrontSurfer. 4 MM HI&E MG R4t HIER G0 5. BT E K
4. OKO A#| = s, #lin, ZMEK 15 mm. 37 $I0H MMDM (XK “OKO
Mirror” ) KECER M AT 10 A AR, BARGSLUCRHBHEES, T
ZHT R WOk, RS, PDM R T ORIE BERSAS AL IE . DR & D 3 O 1 e A
RRIE, FIFRSZ ek 15 kW FDGDiR 63, & T =R iot .

& KH| Dynamic Optics 2 & 17 i 2 B AFE: BIEiES (Deformable Lens) « XU HL
A4S (Bimorph DM) « JEHIASTE4E (Piezo DM) . W HTALIER B8 . W 1T 20 B A 328 sl 4 1
Photonloop. A& MIFF HIERNOGY RGE 5. HAFE ™ AL T % 5k FHE SHE AT IE I T 2%,
AR AO RGN AR LA RGN, 02 H T A SRR AR A0 JE s 5 o A A
PR R IR ZORE R IS, YN TR FEAEK 18 PAT R R T E Bt LI E IR B AN A7
FErATRNRTESA . BRG] RBRIIZEEOE, EH TSRO R R IE.

7 ALPAO AR FFI/RBEH LT, “ALPAO” H “ALPHINE” Fl “A0” Z .
PP A AR AT B L s A A IR L SN BT 4 B A% 1 R 4Gt ACE fast.
WM HIERD R G. i EEROET: ZHATH . SE KITR. S PR, fla, &
HERAILE . H£2 ETAPATE: ARTRERIPTER M N _E - WTIRE 0.4 ms. JHTAL 3R
Tl HT AR Tk kHz SR 0 R GRHAER ATk 5 kHz &5 AR5 I F 500 e SR i e A ik
AT RS EESASARLIE, BN BOEEE . RO JeZI B RS . 28 =] 7= 5 O
AT 2AKEIZE .. BEBOGEE. SLZRMmHE .

] Py SRR D OG22 R 2 00E RO R, PP T A P R N
RAC R AR TG AR IR TE G K TG4 . A AR TRIE Bk I AR & FL AR B R
KNG ALY, HFHE 6 DR AR A 5T, SEBUHER MR Z2 1) ks FERR IE . KA AR TR BR
SR FH A G PR 7K VA Fis Vv SIE I VA E0 9 5 PR 2 TR] PO B 29, Sl P A PR T SR Bl B AR R Bl B T AR T
SRS 22 10 A FE AR I, 32 B X6 1R RE IO AR 1F 5 4k

(1) A7 R A0 FMREG? HHARa?
NERKIFF AT “HoR” A “HBrfe” .
FATIIRIE A [T DA AT B9 (B SE ST A PRAL AL, 5247 22 OKO 2 Rl AL B IR
SCHRPAIES e AR 25 e BRI, BRATTAN OB S B [ AN B & MO i, T G St B
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BOGEE RGBT PP mIg R PR gEE CHATURST 2 OKO 27D« BRIk .
HETEAT A E N 2 Fr s K FEFTT e T BIERDE S R G TR REUER]. &

ERIIITH , 815 BiENDE A& (ARG B AR AR ER. Bot. BEFE RS,

FATEA AR KL 5 5 2 R BUGEATIRA G 1E L SEFHESIIRE AO Hll A JE !

(12) AT FREMHEAR TR EEQFBWEAR? HERA UETE 42
A E O R CL RS
® A0 RGEMit: WIEE 2R, XWENSN A0 i TIIR Y, IR IE &
B PVESR I AO 7R s
o EHML AO BB : 4 A AFIRTLES B 2 A (K10 5l A4 838 240 B 3 1
ERIEY RS, UMM ERIE: H P rIxHER S B0 TR E, R AGRES
B A A R R AR RS
®  HMFENEEN: AR IR IBAM 5% A AT

(13) BRATREN EEREFE-RNED. KA. “WIFRE HEEAR?

KA FARE AR T BE IR AR A B I RO 57 R B A T R L (SDKD , H
FA] LLYE Windows/Linux 53 F, F C/C++. Python & & #HAT Z UK, FFE AWM. K
fh BERINR . B2, A E I E RO A — O SCRRZ A B BB i (8
FERANIT D 5 BRI a5 R AN [R] 23 &) B B AR R AT FA T, 1547 20030 ) AR 24 R BR8N

BEAt, A FHER M AT IO R IRSS, ATHR S ™ /5 SREAT BB L EL, AR P fE 1R i
B %5 Windows/Linux F 58 Kbl ger, scBlemleshferr ik, BArme. 5k &
G PERE I
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3. BEMMEF—REE
(14) BIBGERAT RS Ty A WU 2

TR AT 2 HEFI T A NSRBI 1RSSR O AR 45 LA 7 2K
Xy Jr S WAL RS ORI S S 5 20 (BRI ANMIEHS . B H 5 —
B, RGBS R PP BRTR IEROR .

Blhn, fif=2 OKO A" AL G ARSI 77 RS T

® NAEHESI: 37 JliE MMDM. 19/37/79/109 j@i& PDM;

® FXXHFI: 19/38 J@iE MMDM, 69 i@iE PDM. 20 ifiE 2k PDM;

® LU HES: 39/59/79 @A Y] MMDM.

(15) BT TE 5% 1m0 ML A A X 71 2

AT AW S P 5 AR HLEE . AT A 80 . BEIA . R/ SRS LB 55 A S 4
WHRKR, A m A A G0 BOE A —FE, ek R LT (8] — BAE ms B2, B
A IS S SN ()N T 1 ms, PRI TE AT i P REXT ELERAN S i T

(16) AT ERTBRILIE T 2B HIHER?

IR IE B 7] BB TR AL GE F1, AR K AR SARE IR RE S
AR, BARE DS H R0 R EARSR bR X T R TR UL, By K Bl
1R, PR T RERZIE A B8 T3 2 (IR AR B R DL X @i s8R, Hopr
RER IE I K H5E T R AC BB LA

(17) PRI B ARER?

BTN =GEMT, WU S oy RER, i x, y 8RR AR, O RoR
P ARAR () 5 T AR PR B T AR B o AT LU RE SO % sl AT AS B, B mT LUK TR
AT AR & (RO B ER AL T

B, A Zernike B HAALIEAZNE,  HUAT DURHAE RLBCHT 73 iF 2 4> Zernike #3124
PedL 6, I Zernike B UM REORRARBEAT o XFF T LA KI5 A5 AT i 42 1) 2 0 A
B, R T Hrcar AR K 3 E ey, bR, Bk, E. EE%.
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(18) At 2B A= WP _E AT BRE R ?
PRl = e, N TR R ERRRT, — MR ERAT R R Oy = e R K, B
1]!:

filn, 7E4F =~ OKO A RIHFA ForntSurfer ¥fFrh, s 7 =4I T KK (5
AT Bm i B I BAS BUAR AT I LR ED o R 22 OKO A 7] 7 i Tl
H, AIRE LRI ES RIS AT T G RE TG, TUERR. &
B R G R FRIBHT M AERESRE AR AR T X 5 il PRI AR I

(A : MMDM Jilifn OV BT, T ST a5 Tt in ok B,
TG AT SR K T, BEHLHE)

(19) 455 DMD HH 4 X517
DMD 72 Digital Micromirror Device [ f&#%, & —Mt% MEMS #F, H— 2515
SN AL
1) DMD K2 BEU, BAME R ST BRI — MR R, BRI 9
KR DMD St F 6305 1 R e 77 B BRI — BRE S ORI B s
AT B RS 5 F AT RE = AR BT TR AR B AR (4 Zernike BT 40
K H S ' SR T (R R A R T 5

2)  ARFCBPTE NG TE B B R, X5 B PRI B/
3)  ARTEETRIN m e e AR AT AR AR, — R T RS I B SR R AU, A5

RIS EMERAE S BOG. %1%, T DMD — B T TRUISE .

(20) BFEEPAT IR Z R RIBER £ /D ?
ANFAIZFCE I HAT A 2 (B (TR AR, BARIEI 7 25 AR R 5.
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BN, fif>% OKO A & FIAR AT AT 85 2 (R I TR) BE — M A& : 6.83 mm@19+ 4.30 mm@37-
4.75 mm@69+ 4.72 mm@79+ 4.30 mm@109. 7%E ALPAO A & HI AR T 85 AT 85 1H) FE A -
0.8/1.5/2.5/5.0 mm.

Q1) BEERHTHEARALE, BRERWEEE RN RER?

BILBR AT A%, BT R R 2% . — ROk, AR BIRIIR AR RE ST — ]
Hp= 4 Zernike AR BOREI R, B, AIELIE 5 B Zernike M5

DMD =% SLM % e AT %, (ERENTRR I SH, FROUT G AE RS
i) “&&K” , [Fik, DMD B# SLM Xf Gl i 15 6E /1 FH H o Bkt o .

(22) BB REREHOCRBCFAT NS, TR AT RE?

AT I 32 AT A2 T TG R A A o 3R AR A - AT A R L, T
PAEAS T B g T 7 A 22 M R R AR . RERARAS 2, =T LUK R i e AT e . Bt
b, ABTAIE T AP AE AR B Zernike AR, WNESEE. HUfE. BRE. EES

(23) BB BHTRDEROL? RERERED?

AT B A R PR IR BE AR S B T WO, RGBS

i 22 OKO ) MMDM 7535 @ 8% RS L R fe RS2 3 W o, FEIREEIERE /K2 500 W, I
FEE 2 kW/em?. OKO HJ PDM TERFIRTENR N I 7&K 32 30 kW = Zh 2 10 .

B A F] Dynamic Optics AR &S 42 /0w 7&K 5% 10 mJ () € AP0 . Dynamic Optics 48
ARG T R DIW0t, PIARYE % - ZER AT I ) o

75 E ALPAO A &) AR L8 06 151405 BRI (LIDT, S5 8%E8) A: 880 mJ/ecm* (@12 ns,10
Hz,1064 nm, ikii#0ot) 50 50 W (@1064 nm, E4LH0E).

(24) Dynamic Optics FIRESFES BEMEIZ /N ? DR REEMEIZ D ?

Dynamic Optics 1IFUE SRS IRIEEA 150 um, T HEEELZ OE Gaf) #nT LA
HRAE T R E . AT IR AR RS N 9 mm X 7.13 mme.
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mailto:mm@37、4.75
mailto:mm@69、4.72
mailto:mm@79、4.30

4. FTFFH2 OKO AT AO F= 5

o LK
(25) 42 MMDM?

MMDM 4:F5 /& Micro-machined Membrane Deformable Mirror, B[l “ut/ Uik i AR 72455 7
fif =2 OKO ) 2t F BECRA R AR T B A w), Hbli&E ) MMDM A 1. 17, 37, 39,
59 FlI 79 AN IE .

fif 2% OKO 2 7] MMDM )3 fi5 B — 2 B REBE B A - & - A W = YA R LR
FEA 0.5 pm-10 wm) o ERR M EHE— 2 I0EEE, GRS N6 A4 R .
VR [ S PEREAE R b, I RIRAEVF 2 T I AR b

F I R 5] SRR, 2 — AN B AN AR I B R B, RS 2 R AR SRR AR . AN
PRt A ] B R B, SRR T DA 2 7= AR AN R AT AR, Sk NS 6 RO i R AT 42

(26) MMDM R~}H £ K?
OKO ffilli& ) MMDM 434 [ ¥ 6% TH A K 5 T2 45 1l (Linear MMDM) 5 #
[ 7Z MMDM J#IE$— 2 1. 17, 37+ 39, 59 A1 79, EHAAN 104 15 30, 40 F1 50 mm.
4% MMDM RS 22 11 X39 mm.

(27) 42 PDM?

PDM 4:#f 4% Piezo-electric Deformable Mirror, H1 (&4 “ KA o ff = OKO A
A& PDM A 18, 19, 37, 79 #1109 ANzl i@ IE

fif 2 OKO A £ ) PDM H1 2 A& HURAT 38 4% — AN 25 (1 B 385 T A4 it o

FIFH FE BRI, 20T 25 0 H TR I, AT 28t o2 R AR TR AR, Al S B Bt i R AR T AR
UM SR L5 AN [FI AT 38 TN AN 5] B P, BT 3t 22 B 2 7= AR AN RIS, 6f N S8 6 PRI iR AT 1428

(28) PDM I RFRZE A2
OKO » w] il & i¥) PDM 43 A [BJF 5 [ A 7 T2 45 1l (Linear PDM) iAo
[2 7 PDM JEIEXCA 18 19, 37. 79 1109, EHA4HN 30 Al 50 mm.
ZitE PDM (RS A2 10X 55 mm, BAT 20 NATHE .

(29) OKO G HIVIEH L B ARE?

OKO A4 I “scratch/dig” {H— M S2 20/10. 1A KR ER, AT LAFR{HE scratch/dig=10/5
AT o

(FE: scratch FRoRRIIR B S BE, FAL: WOK: dig 27 B TE B slBE s i) B K BLAR,
A7 0.01 mm.  scratch/dig=10/5 FRRIIR R R GEE 10 ok BB &K EARZ 0.05 mm.
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P FH 8 Sk — MK scrateh/dig=60/40; D) ZRBOE— REE K 40/20; FEETRBOL. 803 =m0
EYE O XIRE K 20105 0T EREBOL, —RESK scrateh/dig=10/5. )
MMDM WG T H . A% 15 mm. 37 #IEF MMDM 7 10 =K L& N IR B0
(Astigmatism) 24800 T 1 . K2 MMDM A 8 /MEEIRET, 7T DLE 8 22 58 1
MIBIGRTHE, PR m G PR 5 . PDM (R 4A T ]t L P 3
TEHFEOL T, OKO A4 14 FE ] LI 2 9 nm (rms). B Fi7s A H1429 50 mm
') PDM (39 $0474%) &t Eah KPR, WABIA KKy : ERPEHT. BT A,

Bl . WETE.
101 158
m | ".|
B s s s T SIS IS S

(30) MMDM F1 PDM #IE4R 22 i RE e 2

HIEA TS (MMDM) FIE A TEAS (PDM) #E A ELEL, K AR AT R IEF
WHESAEZ, T HASEINI NIL TG ZE .

bRAE 37 JEIE 15 mm f MMDM A] DU AL 20 nm (AR IER, AIRIERERIA3 o
m [1) Zernike3 fr Al 5 ({8 2. 79 J@IE ) MMDM 1] L IEFTE 5 P #) Zernike 1422 .

19 1 37 J8IE 1) PDM ] LUAZ 1E KR FE R 5 2%

(31) MMDM A1 PDM SHEH FA XA ? AMEH AZBOCR I X 5 ?

MMDM )45 A — 2, H T % v S S 2 (1 46 o B A U S B . PDML (1 55 T
TSI, IR R v SO S 10 R B A B S R

MMDM 7E = D3 BOR RS~ , HRIm &2, SIREIREIIEE LI, R0,
[l LI 52 IR 72— e BT AE . DL RSB0 45 R 7R T MMDM A T 3 TR Ok 1B .«

® 7t MMDM M % 99.8%1 /B, Bilii Al 7K5Z2 10 mm. 500 W FIZEZHEOG:

® BULTiE: 70W, INFEE: 20 Wmm?;

o HiHE/: 10mm. 19 iiE MMDM, 12 ENFME, A& 6 mm EHiE. 600 W CV

YAG ¥t

® HOLIIFE 500 W, LIEEE: 2kW/em?,

PDM WK ZWOL T Hwm, e IR 30 kW IEELRHOL.

(FE L = OKO A F] = FM 2.8, 2.9 71, )
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(32) &REALMEH MMDM B PDM HHATHAHZIE (F#HER) ?

— K, MMDM 1 PDM #5eM% IE—E FE B IR Chp/tilt) , (HEFZH P IHIER
IEMRE (R 2 BY Zernike BGAZ, JRARMKBY R 2D , NAE TR IE @& Z W 4E . Ff MMDM
B# PDM RZIEMIRY, AL M/, T H 2R 2R m R 2 R IE g

TEH R R e B LT PN s — ANMBRHBE (tip/tilt mirror. fast steering mirror, X AR 1

B PURED , TITHRRIEMRIEAS, (RIXFER kS I E 2 rm s, it
T Af RGUIEAT I A AR BRI

i 2% OKO AR BT —F 2 @IEM MWL &, 7 L% MMDM Hil PDM & JE 5 (f]
a1 15 3@ MMDM) E A & b o RIS G R IEMURE,  [FI )28 T 5L 1E S b
%2, ISR PR 2 R R IERBCR .

s & IR EAR B 4204 10-25 mm, i M 9+/-1 mrad, & TAESZ N 300 Hz.

(33) OKO BB E f B /I B AFE?

FRUER) 15 mm £51RJE MMDM A LA S2 48 7] WOGIE Bl N ik 3 W BB D3R 44 il
FI PR, ) LAYE MMDM Kk E i R R0 E R - A IR E, A& Z mik 500 W
HE 1 kW DA

PDM #1Hi B 7 LA b st 3R, AL BE AR SZ ik 15 kW DB Th 3 k.

G4 Hark “mERIE” ?

DRI 77 51, MMDM (7 5 R RE ) AR 5 1k AR A, P AR MDA AR . O T 5K
BIX A, Migs AR S S N — € fa i, A e i R e 1) FE AR R PR R AR I AR TR
WE o Ja SRR AR R LT, BT DAR IE Sy ) R AR R AR

(35) MMDM I 7 ) 28 14 B 4] 2
MMDM i {5 15 it in B 517 RE o B2 (i S AT LA F 17 AR A et
AT . X T 8 fifh B BT AR, AT LN RIA R HIE S CS a1 1) i
N B T 1 I B AR AT 3 0 AR 2 7T CB:
=( ) (05 ( +1) 255
ZA IR T EHIES CS HHARNRE Z M ZEXT ROC R, FHTE CS=0 MR HE Rk &
NER VS E AL E . MMDM [FER AT L2 AN

(36) PDM i 7 Fry £t B8 e 2

OKO [k LA TR B8 B AT B I 2R P ma 2, HR AT 7-10% R0 IE (Hysteresis, SRR
B3 F 1%M0%EAE (Creep) o FEfSFEFEA, AT DU o F5 HR2 R i v s b 5 %

A WIS TE RGP I E M, FIx BIERDE % RGN MRS — g m, JLH
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XTI R GERZMTE Ko IRIAT AR 22 50 - W el v Bl (Ot e B ik, Bt fEd i Sik
SIS | o T 9K B AT IRE] « TNk FiL PEL AR Py A% I O AT Joy T AT A S A5 )
o HE, XTI BENICE RGNS, BV AW SRR . 6] RGN W
SO AT a0 IG5, T LAAT DAFEAR KRR R b At Il P A BE AR B2

(37) H4 R “FrontSurfer” ?

“FrontSurfer” f2fif =2 OKO 2 m) it & ) —Fh2E T Shack-Hartmann % i 4 2 &5 F1AS T 455
(RT3 BT AN A A S A o o

FOR AR WRATIN BT« T T R A T S A L GBS R
SRR SR HESE

(38) “FrontSurfer” &R AT A?

{045 FrontSurfer " 41— AN B 4% 3 (Hartmann 5%#%  Shack-Hartmann 3% i £E58).
Hartmann ¥ A £% 8 %% B — AN K5 B 1) Hartmann 455 f1— /> CMOS(2k CCD)M ML ik . 7E
Shack-Hartmann & B8, FEBIR — Ao 52 M 51 B B

(39) “FrontSurfer” Z#FRAIEHIG?

“FrontSurfer” H W MRAS: JTFHRMA . WA,

TF I RRASAS 3E A7 30 7000 2 AR 23 B o P AR POAR A 30 T 00 2 2 A () 2 i 308 SRR T 5% S
Sz o

(40) FrontSurfer 4R B EA HEMNEEEDTEIIGE?

FrontSurfer HF AT X NS E A MR RTHEATIE . 2047, FEBERLDE R 5 P47 s T m
% LRSI e E . N B FR A FrontSurfer BUAFREAT AT & MR, K
BRI FAT T BRI BT TR, S brill B T & B .
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FrontSurfer v1Ad e | Vavefran . B T )\
lrile Options Processing Preview Mirror Help | I’
18 ﬁ' L ‘A Pesk-o-valley = 5,750 waves
~ - e
P = s AN p"fff“"a"gs o:ucmpg:‘er-laasw ..
100
EEEL
187

=33
206

5. uEye Cockpit - Ul
| Eile Edit Miew uytye

Draw / Measure
Profiles Help

0 G RFERG

BGRS (128 x 130) Frames: 186122

(41) B T FrontSurfer, 7= OKO A& i&H R4 Btk ?
fif 2= OKO 2 w428 LU N AT H 1 B RO R 7

® Zernike Commander: Zernike i FAFUFI AT AL ;

® Stilll: JAMEE NG E. HARRES. ZWER. 2WEBREIE AT,

® BeamTuner: BOEGBERALE 1

® LightPipes: JadUf&%ifi B LA (F[7E Matlab, MathCAD 35 NEM) ;

®  ZemaDLL: Zemax ¥ 558 T BN HE4% %, W 4E Zemax 335 {/i 5L MMDM, PDM 4;

® MiZer: 1=l OKO 824 Zernike XA o

(42) “FrontSurfer” EREKATNANKANSHEHEARMTARE? 2HFESDRNE?

“FrontSurfer " #{F R4 Shack-Hartmann 5 §ij 1% B85 5 2 AT 70 Ay A 2. 20 X
SR

ZaxfE: LL Hartmann SR EROE BRI LT S8 NS, BTG H et
FEREAHE, DAV TN HEAE T, B AR IRAT A RO B B 1 D D B SEAS BN OB A 4 )
Pl SEPRAEAN, AR ERmiE g CRIRINED BIRITH S A De BT, (. ik
Ree 5 BA e BN 805 5 AR S5 RS 55 Hartmann R s0E S K 51— &2 . D

ZER K —HOURE SCAZE IR, R AR ROE S bR, JRH %Ak
PR E BRI S5 4005 K5 SRS LB SRR P BEAR bR 5 2 25 A br B, AT T3

127



1FRNZIE R G S H 2 R A R AE A o DRI T ZER TR S (Bl A Re T AR
XHBCATAEAL . AEX AR T, Hartmann $EAR 80 floE S5 51 BE T L2 AN SR, BT Bl
AU, AR BUE ] — N BEHLE AL T AL AR RS o

(43) VBl F5 AR 1 R U ey ?
“FrontSurfer” Y {7 B8 1) S 70 0 B (¥ 75 52 [R R U 2908 /100 PVCEA T = 0.63
um). 7R AT DUE 8 2 i s B K L /500 rms.

(44) BRI RBRBERZD?

“FrontSurfer” ¥ Hif£ /XA MM EAS LA THEEL N /60PV (= 0.63 vm),
LR ERTLN /10PV. FESFERT, B2 BUL RS KBRS, w7 Ll
XS 2 MR AT - B A0 S R AR BRI OB BE B AR SR A AR BN, K 2 RS
BikF%1] (B Hartmann FEAS) L3R 22 i BRI .

il DA EKE B SR AEARBMR 22 (I 100 T SRATHIG LI 38k A% S 8 1) 72 [ SR AR 1R 22 T
LA . W RAFLE MG 2, MIZESRFOESFES (B Hartmann 85 FAT 205 ¥ 25 (B R FE
(MBS A BN HEER |, BICRHRE,

(45) W EEBEBERFEFI TS “FrontSurfer” —i2 i ?
EZH R, v DU 7R B AE B as X B 80E LA A fr A Bl ods B3 R 471
XTI R, TN HAA SRS AT BT TS5 K RS B 51

(46) BEFAEMLAT LS “FrontSurfer” — @ ?
“FrontSurfer” 1] LA ST AI ML il B2 28 5 8%, (H T Z— AU F . B AT K
“FrontSurfer” & 7 V2 EUHAHNLEIIENT, P AT DAAIVF 2 AL — &/ .
“FrontSurfer” FJ /7 Fl h ik 14 fFh prifs EE S I Thae, ) tnr DUZ IR IX L 15 B
FRH A1

o HER¥REA
47) —EH#RBIK “FrontSurfer” P Bi&EN 6% R G A REHRE 42

—E A “FrontSurfer” HI&ENGY RGEFE: BILE KLU HRIG. BEHTILIREE
“FrontSurfer” VR I& 5 A ST

(48) BFFH BT T LA “FrontSurfer” H4—i2H?
“FrontSurfer” 47 LA 5 OKO AT ks 25 3H4T 845, 540 40 @i USB B LK M
IRENIE . A T RSN, AT LA ISR 1 OKO A R AT AR A, AFE £k 79 @i
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) MMDM A1 109 /M@ ) PDM. LA K Hodth 2 1l 28 T 55
F g X il g o] CUAS A0 B4 AR 42 8 “ FrontSurfer” . “FrontSurfer” FMLE T
KT EHT 82 LT3

(49) “FrontSurfer” FNKIEREERL/>?

RGP RS IE A0 1 SR T AR LB R WU . R A0 5 20 BT PR B L 2o 4 P
AT TAESAR AR R R GEmRAINLRI BRG] o MR SEhr TAESS A, OKO i
W HEE NG R G C 4 0] USEHUEEAD 1500 M) AR IEATR .

(50) OKO FARAF K — M BEK BENIGERAHEE T HLL?

MRAE T2, OKO 2w il AR it — B 58 BRI M HE NOLE REGE(AOS). B TS
P AL RS AR AE E G RO AR A, I EAE A e B RG22 A LR AL Cani e
NS IE . B 5 « RERGHBUAILRE 1: 10, W H TG HBRZ R S RIEFIRE &
I A T PR A

(51) TR AO HAERIRREME?
D BRI BRI (BUmiREE. RRED « BATHRNES . BRZ I ] HEw ILHE.
2) EAPRBCATIRINGS B BB e I, B RAFIIEMR L, By idtiAn.
3) BRI IER W E T A 25, HEGESUR RAF, A& R 80K SVD (EATE
o

(52) OKO A F]3EH BREkr= 5 ?

OKO AFIFR T TLEL . BRI IREE . Bl 7 i A 3k AL, 8 — KAV AT
wr, HAE R
Zernike Commander: Zernike HH TS AURT AT A1AL 30045
Still: T EE NI EG R T . HARIRES. ZWER. 2L BRI
BeamTuner: OB EBEMR A3
LightPipes: YoHif&f{i & T2 (77E Matlab, MathCAD #85 FEFA) ;
ZemaDLL: Zemax M35 T HIZIAEEFE A, AIAEIZIA T 7 MMDM, PDM 4%
MiZer: 5] OKO 4454 Zernike EAE .
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T SCERER

ARATHNZE T AR 7 AR OKO/Dynamic Optics H & M G577 i 78 2 N R

T7F E AT AR L FH B B 3 I 0 2 I P PR R o i 2

(1)

i/ OKO HIERDEESFHIRX
Gt 7/l =y 3

® Antonello, Jacopo, et al. "Optimization-based wavefront sensorless adaptive optics for
multiphoton microscopy." JOSA A 31.6 (2014): 1337-1347.

® Van Werkhoven, T. I. M., et al. "Snapshot coherence-gated direct wavefront sensing for
multi-photon microscopy." Optics express 22.8 (2014): 9715-9733.

® Popovic, Zoran, et al. "Dual conjugate adaptive optics prototype for wide field high
resolution retinal imaging." Adaptive Optics Progress. InTechOpen, 2012.

® Niu, Saisai, et al. "High-resolution retinal imaging with micro adaptive optics system."
Applied optics 50.22 (2011): 4365-4375.

® Bortoletto, Favio, et al. "Multiphoton fluorescence microscopy with GRIN objective
aberration correction by low order adaptive optics." PloS one 6.7 (2011): 22321.

® Thaung, Jorgen, et al. "Dual-conjugate adaptive optics for wide-field high-resolution
retinal imaging." Optics express 17.6 (2009): 4454-4467.

® Wright, A. J.,, et al. "Adaptive optics for enhanced signal in CARS microscopy." Optics
express 15.26 (2007): 18209-18219.

® Merino, David, et al. "Adaptive optics enhanced simultaneous en-face optical coherence
tomography and scanning laser ophthalmoscopy." Optics express 14.8 (2006): 3345-3353.
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spatial light modulator and a deformable membrane mirror." Optics express 14.1 (2006):
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T
® Cheung, D. C. L., T. H. Barnes, and T. G. Haskell. "Feedback interferometry with
membrane mirror for adaptive optics." Optics communications 218.1-3 (2003): 33-41.
® (Czarske, Jiirgen W., et al. "Smart laser interferometer with electrically tunable lenses for
flow velocity measurements through disturbing interfaces." Photonics. Vol. 2. No. 1.
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Interferometric Flow Velocity Measurement Technique by Adaptive Optics." International
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i REBOE S WO R BT
® Vdovin, Gleb, and Vadim Kiyko. "Intracavity control of a 200-W continuous-wave Nd:
Y AG laser by a micromachined deformable mirror." Optics Letters 26.11 (2001): 798-800.
® Zeek, Erik, et al. "Adaptive pulse compression for transform-limited 15-fs high-energy
pulse generation." Optics letters 25.8 (2000): 587-589.
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spectral phase control of femtosecond pulses by use of adaptive optics and real-time pulse
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®  Gardufio-Mejia, J., A. H. Greenaway, and D. T. Reid. "Designer femtosecond pulses
using adaptive optics." Optics Express 11.17 (2003): 2030-2040.
® Armstrong, Michael R., et al. "Versatile 7-fs optical parametric pulse generation and
compression by use of adaptive optics." Optics Letters 26.15 (2001): 1152-1154.
® Bartels, Randy, et al. "Shaped-pulse optimization of coherent emission of high-harmonic
soft X-rays." Nature 406.6792 (2000): 164-166.
® Zeek, Erik, et al. "Pulse compression by use of deformable mirrors." Optics letters 24.7
(1999): 493-495.
® Druon, Frédéric, et al. "Wave-front correction of femtosecond terawatt lasers by

deformable mirrors." Optics letters 23.13 (1998): 1043-1045.
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® Loktev, Mikhail, et al. "Adaptive optics combined with computer post-processing for
horizontal turbulent imaging." Real-Time Image and Video Processing 2012. Vol. 8437.
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® Loktev, Mikhail, et al. "Speckle imaging through turbulent atmosphere based on
adaptable pupil segmentation." Optics letters 36.14 (2011): 2656-2658.

® Vdovin, Gleb, et al. "Imaging through turbulence with temporally and spatially
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microscopy using adaptive optics and single objective light-sheet microscopy[J]. Nature
Communications, 2025, 16(1): 8362.

® Rao C, Zhong L, Guo Y, et al. Astronomical adaptive optics: a review[J]. PhotoniX,
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® LiuY, Crowell J A, Kurokawa K, et al. Ultrafast adaptive optics for imaging the living
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