TEE A
R EM:

A5
ZEREL:
R EAAL:

R G E VS

University of Chinese Academy of Sciences

W F e

AIMS B R RES SR KIEFEH R

H

EHRN ERETET BEXRRIE

KEH BRETEN EXRIE

TRt

HtETHE

FEP AR ERRLE

20204 8 A






Study on the real-time alignment strategy for the secondary

mirror of AIMS

A thesis submitted to
University of Chinese Academy of Sciences
in partial fulfillment of the requirement
for the degree of
Master of Engineering
in Optical Engineering
By

Xun Hui

Supervisor: Professor Wang Dongguang

Professor Zhang Zhiyong

National Astronomical Observatories, Chinese Academy of Sciences

August 2020






hEMNFERKE
MREFAIL R G4 SRR

ARNIBE W fr 22 A AR SO A NAE ST 95 T AL #EAT B 78 AR
FTBAF R R . RITTH, BRCh B4 5l N RS, A8 SO S AR 3L
b NERER AR CL 28 R B4 5 e (R AT U R o X8 SOl K RO E 78 A A8 Dk
(R EAl A NATERAR, 2 CLAE ST AT 5 3 b B BRSO

fr#4 ﬁé’

H #: 2020.7.29

hEMNFRXFE
FAR IR E R A

ANFEE T I R ST i B2 BT R DR A A =2 08 SO e, R
R 2 e A BUOR B S A LR SCHIRIIAS, SC PRI SO Bl ml DL IS AR AT
DT JE R ER 3P FH R LA S ) A 12 18 SCH 4 R BT 70 N, AT LRI B
75 BN B Al 2 ) T BUR AR IO A 2L 3

W BAEIR AT B A AR SCAE A BB IR R & A =

a4 7;7{%% sz 4 70

H . 2020.7.29 H . 2020.7.29






3

TETE G B 1 F T K BH G 37 K 1 I 2 1 R 2D A R 48 (Accurate Infrared
Magnetic field Measurements of the Sun, AIMS), &3 [E [ LA 2E— & P24k
OKBEMLIN 5 2%, FoAZ O B bR &R LA BE B K Zeeman 2R ARV, @ B
Flll & Zeeman ZLPE SRS WORE B, I T HEZ) K BH B M G 5 31 5
WL PSR J o

AIMS @b HAE ORI B Bafl R, BT RaGpiiEgeR, Hic
BIMTBRAERPE R, i IR HOE . PRI E SRR I AR, BT AL TR AR i
FEAE MR AR T R B R R P ECR G BUR A, T T0E S I o A
FHEEMR . XU PR BT K D48 R SR 0 5 AR A5 A e Fr) v [

B AIMS BB 58 O 425 R 3 BUS TR AL ) j, AR SCHF R T IR BREAS
SIS I IE AR AR IR AT o B0 H I8 5 SR R 2 T R B LU BE 4 e B b i i
RN ARME 2, SR T T R EFLAR I BTN 5 S (R IR B A S IR 1E 7 V2
ZITERI /N DA PAT JEIR G N TR s, NS R XK, KA Shack-
Hartmann I 5 A% & SR TR AS, IR B REUBEREIE ik T S e i i
SRIGRAZS RO T G MEMRIE . B TR N A& 2 R By B bR, mT AR
S E T R LU B 20 DX AR AR, B ZE A BH A Bl W AN ATS SR T DAEAT A5 008 AT 44
W, e HLIE T AR5 O B AR LA L TR M B MO Hm &, I 2ude
e DU A S B B SRR e I, TR o SEPLIR B S A SEIN R IE o RN, H T2
HEBRAL, W] DA RO S T BE R

Bt 72 R PG 3 AR AN B 07 AR S A 1 57, AT N TR sUR LS
PEHTERIN T T R B A3 AT o A3 AT 1 R BN [ Ja) 38 1A% 1 DX el 2 1A DK /IN K i
PR AR 2 FEE AR (R 52 0, T J 7 e it e A AR P R R o VR T SR AR T T
WHFL. DiEEEREY, MikEEE NS B AR 200mm J& 3 AR NS, BT
FAZ RO RS R IIRG FE A S 0.01um B, P LUA RERIUEAZ 215 8., T8 13
I SRR 7 i B AT i85 X — R P 75 R o RN AR S o i i N R R P AT ORI



AIMS B8 45 8 28 A5 S AR A D5 VW 7T

TR, GPATOGIRAE AL 3500mm, AT LA R TEAT G IR B AR G T R
MEE R, YR RE MR IERAR RGN FATOIE, BARB/N, &
B OGER RSN, EH T AIMS B,

MATEEE R AT W, BT N TR SR R LAR BT ERI (1 77 ) BUH &2 AIMS
YR IR S RIER T K o AR BT ORI b, A SCRHZ TR R 1 4]0 5k
B IOE . SEE R 5 AIMS 32 (0GR [R] th 26 B 5] T K B2 110 J=5 308 FLA B Al i )
45 B AR ER T B R SRR IO IE R 5, Hh E5 428 220mm, RELHAEN
50mm, W] LASEARREI AIMS B 45 e #SLAR I AT PRI SEFR B L. 6 RGEK
M ZYGO T¥ACHAT &, Wik s PV [H4 V34, RMS HZ
M 18(@632.8nm).

IR RE S, BL ZYGO F ALK H AR AT [ AR P AT S IR A
ARG, WAL RS AT B HAE B, Ko bR Bk B 304, S
FALG WAL R IR, HAZFENIE. N R 6 B E A
YERER ISR, I AT AR AT PR AT Zernike RE. Wb SLIb s R K
W, Zernike REEWELERPREERETLHNHLEEMERR, EAKFENE
GIRT AR . BT R AR AU HT PRI ) I B R A A IR T R S AT AT

FESEIG IR IR b, ASCHR I TR E - SR IR RS, BISE A HT RS
MG BRI BT, A B A RALE AR, SRR ATV R E, ARG
FEFIH Shack-Hartmann i FA& &8 HEAT OB R BRI UH 5, JF B RIS 2608
FERIE. RIS A RO R IR E B L, AR R, R IT I AT Ak
.,

EEXT AIMS BT 28T A8 S BGRB8, BB ISR AT AT A
251 FE R FLAR B ORI P B S AR IE 7925 o A SCIIF 90 AR 6 K 142K P 22 it
BEIDCF BB 2IRER, AT A RO R R 1 B 170 45 ) Ak ) R
BB
AR K IR A B B8 kB 2 A WS 34 T . Shack-Hartmann I i A5 2% |
Zemike Z I, S H



Abstract

Abstract

The Accurate Infrared Magnetic Field Measurements of the Sun (AIMS) under
construction is the first mid-infrared solar observation equipment independently
developed in China. Its core scientific objective is to directly employ Zeeman splitting
formula to achieve very accurate magnetic field without model assumption due to the
large magnetic sensitivity in the mid-infrared wavelength, which is helpful for the
quantitative research of solar physics.

AIMS employs an off-axis Gregorian system with a diameter of 1 meter. Due to
the large amount of off-axis system, the weight of the telescope truss structure is as
large as several tons. Therefore, in the process of tracking observation, the
misalignment of the secondary mirror relative to the primary mirror will cause the
image quality of the system to deteriorate and the scientific goal of high-precision
observation cannot be achieved. This is a common problem for all the large-aperture
telescopes which needs to be solved urgently.

In order to solve the image quality degradation caused by the misalignment of the
secondary mirror of AIMS, we carried out the research on the technical strategy of real-
time alignment of the secondary mirror in the paper. Aiming at the difficulties of the
current wavefront detection technology based on the sun's low-contrast extended source,
a real-time alignment strategy of secondary mirror based on wavefront detection and
reconstruction of sub-aperture is proposed. Firstly, this strategy uses a small-aperture
parallel light source to construct an artificial point, enters the local area of the telescope.
Secondly, the Shack-Hartmann wavefront sensor detects wavefront distortion, and the
sensitivity matrix method is used to calculate the misalignment amount of the secondary
mirror. Lastly, a hexapod can align the secondary mirror.Effective wavefront detection
can be carried out during the period of low solar activity, because constructed point
source is used as target artificially, which gets rid of the dependence on the high-

contrast active area of the solar surface. In addition, the centroid algorithm based on the
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point source can effectively improve the speed and stability of measurement precisely
comparing with the complex correlation calculations of low-contrast surface sources.
Also, it is easier for the closed-loop control of the aligning mirror and can effectively
reduce the impact of atmosphere seeing effect because of short air link.

In this paper, we carry out a simulation analysis on the artificial point source sub-
aperture wavefront detection strategy by combining the optical software and
mathematical simulation method. We select different local apertures and aperture sizes
to analyze the influence on the detection of wavefront distortion. We also research
wavefront reconstruction and employ sensitivity matrix to calculate the misalignment
of secondary mirror. The simulation results show that the wavefront aberration
information can be effectively extracted using a generic wavefront sensor if the local
aperture of the inner edge diameter of the primary mirror is 200mm and the detection
accuracy of the wavefront sensor's image point centroid offset reaches 0.01pum.
Moreover, we analyze the requirements of parallel light sources for the construction of
artificial star points. When the effective focal length of the parallel light sources is
selected as 3500mm, it can effectively reduce the impact of the defocus of the parallel
light sources on the image quality detection results. Then we design a parallel light
source of the classic Cassegrain system, with the advantage of small size, light weight,
high optical quality, which is suitable for the AIMS telescope.

The simulation results show that the sub-aperture wavefront detection based on
artificial point source can meet the needs of the secondary mirror’s alignment of AIMS.
Based on simulation analysis, this paper carried out preliminary experimental to verify
of the above strategy. A experimental verification system is constructed using the off-
axis parabolic mirrors and off-axis ellipsoidal mirrors with the same curvature and the
same surface accuracy as AIMS but for a relative small aperture. The main mirror has
a diameter of 220mm and that for the secondary mirror is 50mm, which fully simulate
the actual situation of sub-aperture wavefront detection of the AIMS. The optical

system adopts ZY GO interferometer for precise adjustment. The wavefront reaches the
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Abstract

PV value of about A/3.4 and the RMS value of about A/18 (@632.8nm).

During the experimental test, the standard plane wave emitted by the ZYGO
interferometer was used as a parallel light source to enter the test system. Meanwhile,
the pre-filter of the wavefront sensor behind foucs is doubled as a reflector, returning
part of the light to the interferometer in the same way as the wavefront sensor and
implementing the same path test of interferometer and wavefront sensor for mutual
reference. A hexapod is used to simulate the misalignment of different dimensions of
the secondary mirror, and wavefront sensor is used to obtain the Zernike coefficient of
the distorted wavefront. Preliminary experimental results show that the Zernike
coefficient and the misalignment of secondary mirror satisfy a linear relationship within
the error range, which basically conforms the simulation analysis conclusion. The
alignment strategy of secondary mirror by the means of wavefront detection based on
local aperture and a point source is feasible.

Based on our experimental result, a strategy of grading alignment is proposed.
Firstly, we can predict the dimension and size of the secondary mirror's misalignment
combined with the finite element analysis of the truss structure and then align the gross
deviation preliminarily. Secondly, the wavefront sensor is used to calculate the
alignment amount of secondary mirror accurately. Lastly, hexapod align secondary
mirror precisely. Our proposed strategy can avoid the blindness of alignment effectively,
save calculation time, and improve the efficiency of telescope operation.

Aiming at the image quality degradation problem caused by the deformation of
the AIMS truss, we innovatively proposes a secondary mirror alignment strategy by
means of local aperture wavefront detection based on the artificial point source in the
paper, which is a useful exploration of the active optics technology for the large-
aperture solar telescopes, and provide some new ideas to effectively solve the common

problems encountered in the large-aperture ground-based telescopes.
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$2E  ETF Shack-Hartmann FATE RSB IE T R AR

ARFAHET S-H WFS FI @B B IE AR AL, RIE AIMS 2
AR B2 25 R R IE e vt T 58 BRSO = K BRI AR B S AR L 7 Al A
RIS, A0 S-H WFS 145 A 5B R 50 S50 iy A 10 i 2
ML S TN B R . REUEFEFE LR .

2.1 ORAEMRNERL
2.1.1 Shack-Hartmann 3 5% 288 [RIE

P A AR B RS IE RGUAZ OB, S A D W AR YR 10T, - 4 e 2R T
RS S, DL TIHE B B R BN R &, HAE BRI o AR AT 5
FEIE. HAT, Pnrfess 3 EaRE S-HWFS. TI5 I i fEas . il 3R a4
PRI VU B HED AT AL KBS . BT S-H WES AT USRI BRI B AN 7 s pr AR, |
AR JrTHIae oo, JRER 2 m . IR 22570 B DR 77 (45 g il &
JCEE SR A, BT IZ LA TR SCER A B AU ) E O R 327281 (Adaptive optics,
AO)FI F B 2PN (Active optics, Ao) . MEHF 2 I BT ERII AR B L 7E 1909 4F4 15
RARY)FE 225K Johannes Frans Hartman $2H, F 8620 4 (R T H 8. 1971
%, Roland Shack X kAT |-+ 70 A R B0t , B /NLAR RS B 1 OB R 41,
EAZ AR B ARIIRE FE A G REF F 15 3] 7RI R4 TR0, 4y, fad kit
Ja #Z MR AN Shack-Hartmann 3% B % /25 .

Plane Wave

e,

Lens Array Detector Displaced Spot

N

1
J

Yoy

/ Missing 3 Spot
Distorted Wave

B 2.1 S-HWFS FH#E
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S-HWFS H1 i e B 41 AR 25 4L a, PRI A4 1 A7 T o B Ak,
JEE WA 2.1 Frox, S-H WES MRIUE GRS R R IR AR R — B A1 5
TR ST, SEUN G AT R 2> FERAE 24— SR AR AT A AL s, &
OB T AT AT I AR PO BE R 2 AR T2 B B E x Ay J7 1
ERA AW .

Planar Wavefront Distorted Wavefront
Microlens Spot Position

(Diameter = d)

Az
I::; \\\g
4
Planar Wavefront
:a Spot Position

ML

Sy

Distorted Wavefront Sensor
Bl 2.2 S-HWFS THITRZEE (Thorlabs BM)

WA 2.2 P U 5¢ &R TS, B AMOE B 5o vl A i AR i AT
PR BEERREE, A 2.1 Pior.

{aw(xnrJ’n) _ Aﬂ

ox T fue
oW (xpyn) _ % (2.1)

ay fmi
KA (o, YRR n DT HRICHER, Axy, Ay, RINH n DT ICG AL

WS, RN B HTE REROE SRR, W R BT R 2L

212 mROCEE

S-H WEFS  Ji P 5 I8¢ iy Wiy A8 P8I % 5 g oxet B4 1 50 0 ) i o000 A0 i 74 2
PR R AL, BRI A RS T TR E T TR BRE BE, X T AIMS IR 4
BRIERE A A R EE M5 .

T —Fp SO BRI T 2 B P IE R, AKX 2.2 Fos, RIFTE
—Pr RS, EH T EBER LB RIS, RS E R, K5 .
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Zg'inIij

Xe = SN

ij lij
SN 2.2)

_ Zij iy

¢ Zg'NIij

Rt MN BRI DA, L AR R EE RO, (r y,) MR E SR,
(oo ye) WG A A R

ST S-H WES R, B 0 B0 B B I 209 R %, 1%
G TR, BRI, B . TR . R, T R
R, AT R I 0 SR R SRS FE T 40 B B FS380g e

1) AR B R, e, AR R L R
BEAEERT FE AT, 7 BT BOG B I B F 12 28 BB 5 8, BLR th 2
Ko BRI, ST 2420/ T2 TR B 11 /SR WG 1 P R FE B
AL R L AU 2«

2) HRME B ke ph T 25 e PR L 20 TR S ) L 7T
B, T ELR A S G REARI S B L RARSERY, PR AT DA A OB
BRGNS MR E A SRS, N TRIENEE, A SRS, M
T4 0 5 LRI 1, (EL 3o A B (R RS2 2 RO KM 5, ot e ML
LR RS B e — R, MR O BT R, ELCREHR
SRR LIS N (< 20%), FURERESET, 155K AT,
T 5 P T TR P . AL R0 1 7 A T 9 (LR T
ST ML TE A BRI o 2 S 0 B e 0 A R o
S S HT BRI A0, FERIFE— R TV B s OB 36 0 1 3 1
WA SRR, MBI ORI IR Otsu B, HR AT R
JEBEZERE 4 5, K T TE I B B RARS 7  B  «

3) BIRLET— BB ik IR PR AL SRR 6, PRI £ 8 LA 06 FIE B 67 7
HRRIEH, St PR IR 2 AR IR T 1 (80T A 0 4 s R (R (e
b, M3 5 ARG

b, VRV N P B — TR0l A R 8 T O R
;A Talmi AT E. N, Ribak 25 A5t FF 2[5 3 B0 S8 ) 7 W (M 75 08
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M4, Y. Carmon A1 E. N. Ribak 25 A\ 3¢ H 78 S35 i 47 P M A B 1) 3490,

22 KEIEMIER
221 HARJRIE

S-H WFS RN AT R Bl & & A7 5070 U a0 A = e, 3 75 2R
R T VAR JE R AT R 3, 1T S-H WES [T E M 7k b 2 1401, Jerpi
FH 55 R 1 R AR 47 4800 X gy 10 500, e Bl 5

R 2.1 PRTEAE A XS0 L

i X dehik
(AR FHI Zernike T 4 Zernike Wi+3F Zernike 1
e WIS, T R TE 2 AT A AT = B
e st A5 R I THE R LS

T FE A R AT e — N SR AR LR ME T R ) e R, R B A 7 A T DR
7 2.3 £Ro

S = BW 2.3)

b B ONEMERE, AL A U O N RS T LR R
B, AL XA A T FLARRER S RIS AL B 9G2S MR AR I Aipxt
RLEIHTAT T B TThIR R W AR S GA T O R AR AR AL, AR IX A R A
3 FLAR XS X L s A AR

IEH RN ZRRIRS 2.4 PIJTRE, SRAGARIIG R

W = B*S 24
X By B I SCERERE, #ESERriz P, ATRURYE S-H WES 250
KRGS SE e )OSR REBY, JREEAE TR, DUME TP .
ARV SO AT E AR AR AL, M Sk R F IR IE 2SR 20 Zernike 22 301
AP, Zernike 2 DA A HoORL 21 (115 2 22 Wi — 80, BRI
T SR IR D BRI, B AR LR IR E SR

12



2 # BT Shack-Hartmann 3% B A& /88 (RS 1E vk 3E AT

Zeyenj = VN Rm(P)\/_ COS(me)} 0

odd} vn Rm(P)\/_ sin(mo) 2.5

e m=0
HAR™ (p)E LU F -

RWM—Z“”“T%gﬁ%Tm*“ 2.6)

A AR BR, mARAIASIR, n > m ARG, jE OB T,
BI2A Noll J£41, WiEk 2.2 Fias.

£ 22 Noll FFIR

M AMEES, Zernike 2 AN Nicos BMBUE I, X NEENT, Zemike 2 T
AXT N sineiEIE . Kl 2.3 AET 21 Tl Zernike £ Wiz E14 .

*®

& 2.3 El 21 30 Zernike Z WA K%

Zernike 2 TR — IR B Hokr 2 MR S0, BIxE N — Mgl 22, sk
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2.3 /e Zernike 2 WS 2 TR EE 9 WO R AR ZES0, Al ERZE . 2,
GG SEMEERL, I HAT LRSS B EHR P Seidel RZEXTN, WE 2.4
It

# 23 Zernike ETRMEBES L

HAALTS & HARTR 7 X
Z, X pcos@ X 77 iRt
Z3 Yy psin @ Y U7 R
7z, 2(x?+y?) -1 2p2—1 g
zg  x?—y? p?cos@ 0°0r 90°1% Hi
Zg  2xy p?sind 4518
z;  x(3(x%+y?)—2) (3p% —2p) cos O Xz ARt
zg y(B(x?+y?)-2) (3p% —2p)siné Yz ARt
Zg  6(x2+y?)?2—-6(x*2+y>)+1 6p*—6p2+1 BRZE RN AR
* 2.4 Zernike RBERRARVIZG E
(LE== Sl BEM I
s Zy —Zy+ Zg
fis @y —22,)2 + (25 — 2Zg)? tan™! (2 : iij)

g 274 — 6Zo + /252 + 272
1 A
5 H +2 [Z2+ 72 —tan™? (—6)
2 Zs
A
=% 3 /272 + 272 tan™" (Z—8>
7

R 6Z,

TG RGO TT AL B S R PABMER e 5N BAR 2, IR T X A
WAREF VRSN T BES N R . H T RIAEFESBYIREE, MmN
BERZAR THIRBEEN, FHG AR HERIEN ETREEER, £
TEHIWIRIRZE L B Z MR, SO FE 0 M RIET Zernike 2 T AT BREW (x, y)
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Al LLFE IR AN Zernike RS Zernike 22 T 2T AR KR A
W(x, }’) = ﬁo kiZi(x' }’) (2'7)

AH: M FRIR Zemike ZIMAINEL, Z;(x, y)FR R i Ui Zernike £ I, k;
FRINER i Wl Zernike REL
AR 30 AT PR Ji7 B T 45

{_ — ZM 0Z;i(Xn,Yn) %

dx fuL
ZM 0Z;(Xnyn) _ AYn (2.8)

vy fm
e (oY) RIREE n DT HRICAER, Ay, Ay, BoR 5 n AT HICE AR
AL B, for, RN BT R AR OB B R
([ R A R S S a2 &2 A K I R A S b v A 2 R i M B A1
BRI T H TR M A ATRER, BURARIE SRS 7 8o RER, Sy fd st
2.9, FREAH R SR AR B Zernike REk;, B AT BB AT REL

M k'azi(xlr.')’l):ﬂ
=27 gy f

Mo, Piin) _
i=2 ax f 2.9

k 0Zi(x1y1) _ Aya 2.9)
._2 e =

ay f

M k; 9Z; (XN}’N) _ Ayw
i=2 ay f

Kb NAKEGT R, HN =M.
S R, LA
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( [0Z;(x1y1) ., 9Zm(x1y1)7
ax Ix
OZy(En.yw) OZy (xnyw)
7 = dax ax
T 0Z2(x1y)) . 9Zm(x1y1)
ady ay
9Zy(xnyn) . 9Zy(xnyw)
ay ay
k]
; K=|. (2.10)
[ ky
e
f
_|f
F= oy
f
by
\ f
CIES;
ZK=F (2.11)

RN REBOR TR K, Pre i e oy JE e, e Hsa
SEEVIGRIM, EHE R RN IERMN 2.11 U7RE, PoREESF — ZK 1
2 Yo BAG fe/ME, B

I F = ZK ll;=min | F - ZK I, (2.12)

AR A& A S ZI ) SCHEHREZ, DR R ) e/ 3R fif oA
K=2Z'F (2.13)

KA )G FEREZ T 7V F B H BT A4 7%  (Direct Normal Equations
Method, fii#K DNE ). k&l % 4 1E 22 A8 #9%: (Gram-Schmidt Orthogonal
Transformation Method, fii#X G-SOT %), 52 i /R {848 #:7% (Householder
Transformation Method , & #% HT ¥£) M & 7 {4 4> % 7% ( Singular Value
Decomposition Method, f#FX SVD %),

MR SCHREAAT R, AEACFRAE BRI DL T, DNE M G-SOT A4 Ei% 7
FEFR SIS HT %10 Householder 224 3 BUITH B AR, 10 SVD ¥EHI ] & 4L
FERE I A B o MoKk e SO R RS, IR ROAT R, TR ER/DN, BA RIEW
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TERGE . BTLL, SRERS SUSSERER A SVD iy, BiEr s E i, HEH
[T
T 2.14 HHFEREZ € R, HFkr <M — 1, %Zi473 5180k

Z=V [g g] ur Q.14)

KXH: £ =diag(oy, 05 ,0,), 01,05, ,0, NEEZINEFE, Hoy >0, >
w20, 200 UMV 3R 5ERE Z B4 &7 7 8 ) BN A & {1 B R 1SS
e 525 2 8 14 R

B 2.14 BUE Rk

v [f) 8] UK = F .15)
b £l S e RIS
K=Z'F=U [z(;l g VTF (2.16)
HIp
Zt=U [z(;l g] T @.17)

G EL ARARVEAT LRI ARV R (S B, T Zemike £ bR T
41, P SVD HERAETRAL, TR Zemike AL

222 THNERE

PRI R G, B AT S (PVAED AL (RMS) 58 3k i i
ARREEDS 4, PV FROR ISR IR AT A A B KA S5 s/ ME R 218, B8RS T IX
AR R EE R, R XTI B AR R AT TR, RMS R RAA T S R
AKXk BT A, Kt E AR

RMS = \/% 1" [ (w(p,8) — wip,0))2pdpd = [wZ(p,6) —w(p,0)? (2.18)

Hrf, w(p, 0)7&BHT- T 2I{H

w(p,0) =~ ;" J, wip,0)pdpds (219)
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THELE AT AR bR 2N (0 B RSO 2 R A 2R T

RMS = [LEX,(wi(x,y) - Wz )" (2.20)

w(x,y) = 12, wi(x,y) 2.21)

EHGEN N RGH, 4858 F AT Wrr %)) /K B (Strehl Ratio,  SR)ZE X
AR AT S AR A G WA 5 BT ) U AR, ISR UK BT E A — N PR AR, A
1 2.22 FizRe

ip(p)
SR = 1 _ |A(p)e
Iy A(p)

2
| (2.22)
A, I RATHARIR AR R, T/ SEPRI G2 R R I E R S .
PO T = W e - e e 7 24 U o i o g 1 o N e =11 1 S TP 1L M e
et R :

SR=1-0 (2.23)

Herh1 o2 S T IR AL ) 77 22
AT AR AR A IR A s i oA, ) B ST — 2R RN
SR = exp (—02) (2.24)

M BT T BUE 1, Wk 5K BEAUBGR T ARG T 22, 3B ZEUK, B
SRR A TR = VP . SROBUK, IRl BT .

23 KIAETEHER

LA WA EMIGE] | Zemnike RE, FAMZZER) Zernike RECKHTIHHEIK
BRLIE R . RABHT ST, PR RS AR R, AT AIMS BRI
RIS, IR T 7S RALF -V £ SERT H B IE B R 1 o B8 T ik
FEDRGE T RHESRARIIRG S, BREEHMAGELRSRIERE. ¥ ARG K IHER
T T E S H S R B AE Z AR w22 = RIS R NBZE, 2ff
19 R G0 BB B A o B EoR L, 62 R GG 2 R AL B S8 (R ED
M. REBREHFG =12, m>KER, FF 0N ESH MY =
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1,2, m)REIR, W32 (8 FH RO R RN
F; f1(x1»x2i“" xn)
= . (2.25)

Fm fm(xlixZi Tt xn)

ERA (g, 291 -+ + 20) TR T RGUR I G T AL B S 52 10
B SR AN RIOAELR M T RRAL, MR FI R ok, BARRE R R 1
BFRR(FLE, - En)s RIB RS G HBH (, xz -+ o) HOME BRI
Fk A BRI P RGO — U, R R 5 RGR 2 R I B B 7
S AL 2 7 R A B

af; afj
F] — FO] + a_xi(xl — xOl) Heeeenn +a_x:l(xn — xon) (2.26)

B, Fo MR GAE BT M R IR B EE, (xn — Xon) NRGET
BN EZEAN THB RGN R E, Fots R GHBRZERSEbR il E{E.

zﬂm~§%ﬁ$ﬁ@%ﬁ%%ﬁ#ﬁﬁﬁﬁ%ﬁ%#%%%ﬁoﬂ%&ﬁﬁm

ax1 ! axz ’

w*mﬁm%ﬁﬂiﬁ%@%%ﬁ@ﬁ%wﬁgfggﬁm,mu%ﬁ@%%ﬁ

8x,’ 8x, E
55 R & R I AL 2 P T P4 -

8f sf
Fy Foq 5—xidx1+---+—14xn

axy,
I : 2.27)

Fp Fom ?T’"Ax1+---+';f7’"4xn
1 n

S BB, LN R
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( [AF17 [F17 [For)
AF = =1 . =
aF, | LF,] LF,,
[Axq] X117 [Xo17
JAX= = (2.28)
_Axm_ LX 1 L X om
Sf1 .. Of17
6x1 oxp
A=
S ... O
\ 8x1 an_
CIEES
A-AX = AF (2.29)
TR B S AT EAYFF 2N Zernike REL, BEREILNAZ =Z - Z,, T 4Hit

FARGEN Zernike REUE ST Zernike RELZ . A4 WIEHRGFM R
BUEEAERE, A BB S A E 1 CnEEE, w] DUBD 2 B A R 5
AFALE R RIRESTH ER B RSN RBUZLEFE . SRR BUZIERE 4 F1 Zernike
A¥Az, i FEEMEAL, WTRRERIREAX.
A-AX = AZ
ATA-AX = ATAZ

AX = (ATA)14TAZ (2.30)

R EIR TR, R R R SRR BOLE RGBT IR
LPER AR, M SE bR EIXAP 2 0% R A A R EAR /NS D0 T LR . 1T A
AIMS BB BB ikt T A, IRBE— RECK I B A BAETCKR GO,
FT LA BB A AT

24 KB
AURBEH] S-HWFS, 2% G A oE 52 14 51 SEOURHR AT 20 51, ARYE R4
THIC AR RO RS B IR AT 1 DR AT AR AE S T i 45 12 5%~ i
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PRIIREEE » 7o B I O SRR R S MR L ORIE RS AR RS R A
HH Zemike 2 WA EMPHT, PIERILEAEZEN Zemike RE. REnth 1
RBUZFHEFEEE, ERFEERDOHELT, RIBZER Zernike RES A F KM
A AR I I 5% %, WA REBRERE R o A BRI BT AR AT ) Zernike RS,
By oH S R R b, T AR AT EAL L SRR T R BOR R £
AT RHEAR PN ST T 0T, THE BOE 5 A
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553 E R ER AREIE T S RO AR 5

B3R EBORKREFREAFRBEHEIE

B A3 A A BEAR A G FE S R b D988 A7 R0 T i P PR e et b, M 7 3
T AR R AR U TR AR IE 5 28, FR06Z 7 kAT 1 6 S BN S i A
HE, MWHS Bt Tz ik it

3.1 BEEOFKARMNRERR

L R0 [ AR PR 205 2 U ) i L, 308 8 FR) AP R 7 25 K B 2 e AE RS B N 2
P& b, WK S-H WES JRIDGE RG R AT, LA 5 )4
AR, FEIKEN S R ALFE T SR IE R B SR o K PH B 178 5 1Y) U AT PRI 2 ik T T
HA%, S-HWFS #MUE 51 B e S 1)2 HoA — E M 1 MR U, Gl
A8 FH 50 22 93 SR B SR IR 1 85 S ST FLAR BRHME 5 22 R ) 1) o 4
e o7 B A5 H A B8, & 3.1 BroRPolR KBH B 77E S-H WFS JE R R R
YR, e BRFROREAREAT, A BRI BT, v TR EIRIRSE, Wk
OB Mok T BE S moof LU HTHRAAEAE Dy B AR ZEAT IR AT BRI, EU JUMEC % b
JER) T EF XN, BT A SCSE R B bR AT 2RI 2 A BRI HE . 72K BH TS 3)
WNERT B, H TS W 205 ) X5 HLE B SRS 2 A, I R PH T X
HIRLI B TR AR BeAh, IR T B REZ R T B4, RAMsh=
FEEUG =R BE L S) , 2 RS B 2378 R VA 1R R OB AT ] S o PR,
T H RN 7 SRR B IERDG S RS S-H WFS TR IE RSB[R 42
BB RS S, TS LA IE . SR, BT iR B 5 G, BT IkER
LA RIE RS, B2 T 6l b AR SRR S BUE R, SERIEIUIR
BB IE B R — T I R A

Original wave-front Aberrated wave-front

Extended source image

& 3.1 S-H WFS KXBH2E-F Hix B3]
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32 REDARAHRNSERE

VE: 1 FEBE 20 KB 3 HmBABAE; 4 NG G 5. PATORE: 6. KFHA
Pt 7.0 RDGZ: 8. Al 9. MOt 10.4EE R 11, WG, 12,
WIS 13, BRI EL.

BExS EaRHG IR A, FRATEIHT SR A A DA AT IR s N T A A, T
JR3 0 1A Y0 R0 S A 1 BT B Y A S A ) 2 o Jmy 8 VAR IR AR I T VR T
Ktk 3.2 fos, SRR/ AR PAT R A N TR s, TGS 7 [ AT T 8
BEAEOGZ Ty ), HLHG R S B B N, SR B R Y R S X . 7R B R Y
% B A AR RS BT HE EDGER, SR AR S BOHIL IS, FEAE GBS B E X
R B AT IR o ST OGIR 22 TR PR L b, TR R IER IO
B, RIESS R G O IR 3 TR N BT 6 b, St SR mAME
FEBHATRAIERS, BAITHIENBE M3, Rt e AN . B3R
ARAF B AT BIE AT VB, IR IRBNRE B 7N R A1 G #EATAME, DLIABNER K .

KRG 2R Gt S B A A A2 2 VAR R B 148, BT A IR B R A R 1 S 3
P T T R AR5 SR 70, 25 A S 8 AU AT v T B 5 3 R 1T 2R p AT U &6 A A
FBEFA B SRR, T 7 AR AT A I8¢ iy M A8 0] 85 2R R VB¢ BT DN #5222
WEATE PR, ARTTAAE IR B ERAAT ) EAOTENA/AAET, H—, FMHAL
BT BRI AR, PT DAAS ORI, B B TR A LA DG TH B, THERR BB,
WP s 2, SHATORIRSEIT B R NG, B, RSB Al
M2 AR N He =, Al G HAh s oo s R R ZE R o R & AR B A
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PRI BB IE T3 A B & 3.3 fros

A

| BT

IS
T35 b >
HIm ¥
Pl {5 Ab 2

ORI

FriE s e

»
»

Y

Tm#% S5

h 4

ZernikeZ I
R i/Rey

A J

RMS. PV

Zernike 24

AR

A 4

AN AENLRE T
%

B 33 R OREATERNRIE S AR EE

3.2 BEOFRXNMAME IR ST

I R B R AR AT PRI AR B AR AR T S, /5 25 I8 IR A
S I AR X IRAN KA SPAT IR AL E . AIMS EIRGDEH RGN GHES
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T R R . DUSCPAT SRS BT

¥ AIMS EZmBOLEFA ZEMAX JGEHAEH, EH 1000mm 4= 4%
200mm J& FAE N4 PA S 100mm /3 FAE NI 2~ FAT NS 58 o LI 428
B B/ ML E A ZSUR BT IERS, 18 ZEMAX ¥k Bl kBT S 54
B 30 0 A R A PV EA RMS M8,  HWETE NN R AR KN R AT
R, BRI SR U A 7 AR AR (1 5 MR AR P e 5 AN

R 3.1 ARPERNPATICA S ETEAR

1000mm 4 4% 200mm B EH4E 100mm B EHE

AP

PV/A RMS/A PV/i RMS/A PV/A RMS/A
X/2.5 ym 2.228 0.558 0.465 0.116 0.233 0.058
Y/2.5 yum 2.019 0.504 0.448 0.112 0.226 0.056
Z/1.5 ym 0.536 0.135 0.071 0.018 0.033 0.008
U/2 arcsec 5.919 1.477 1.268 0.316 0.633 0.158
V/2 arcsec  6.277 1.568 1.297 0.323 0.645 0.161

M1 3.0 Bl mT R, AEARFEMREE ST, BT PV L5 02
KNREANE, BEE NS AR RN, R AT AR BN, i DAAE DRUE IR AT AT 8
MRS T, RELENPATGRAS A2, 1%#F 042 200mm A5F4kEEH 5 .

25 [ BB 8 TR BEMT AR AR AR LS5 H DL TAT IR A, i O
AL E N TR RN AN LS, GnlEl 3.4 F1E 3.5 Fros. [FAREFZ IR /M E
NEBARRGRIELS, £ ZEMAX 80 BB CE g e 2 ik B 2 K BCHT
PRALH) PV (AT RMS 1, FEBHEANSSAFIARLE T, OB S A e R il 24
Wy A AR ST R P 15 AN
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B 3.4 200mm R OENLENS

\
A
A
.\
A
)
)

B 3.5 200mm R ORINDENS

R 3.2 200mm JFEP O 2SI LN S BT EEES

200mm JREOANAZ 200mm &EE RSN 2

(A=& N

PV/A RMS/A PV/h RMS/A
X/2.5 um 0.465 0.116 0.431 0.107
Y/2.5 um 0.448 0.112 0.354 0.088
Z/1.5 um 0.071 0.018 0.138 0.034
U/2 arcsec 1.268 0.316 1.098 0.274
V/2 arcsec 1.297 0.323 1.229 0.306

IR 3.2 HICHE R0, AR [0 AR o s A2 e N SRR ) (0 TR 8 25 R T R 4 1
T, WILG NI AT SRR BEAERR T Z J7 RSN R TAMAZG NG, B2
PEAS /N, B DAL, NS 3 5 P Sy 3 DX Al A [ 2 BT I8 117 A8 PR RE 52/, T 20
A AR B B M 2R S 0, B RE B I Y 22 AT IR, FRATTIE$E 200mm
RRUEZ NS
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33 RYEHEMHEITESH

BT B, BT REBEAEREVE ST ER U RURTCE ERE 250mm
#EES, I ZEMAX OGS Bt AT 3, W IRERSE Xy~ z BRG]
M—0.05°~0.05°, [E]FE0.01°; ¥ x. y. z flfmFEVEH M —0.05mm~0.05mm, ]
fF0.01mm. 2] Zernike HE 5 KIFE R REWE 3.6 Fras.

z2 Z3
60 T 60 A T
. —=—u
h-§ ——V
40 40 | —e—X|
S Y
© o N ——z
2 2 N
S 20t S 20f “\\
1% @ h
g P 2 AN
2 a5 2 o o ° ~ v X
g 0¢—e—e—e—=" £ 0 hd 4 Ao & < 4
8 8
@ o LN
= = N
€ -20 - € -20 N
© © =,
N —e—u N .
—6—v =
40 —e—x| 1 40 AN
Y B
—e—z
il
60 . \ . . \ . . . | 60 . . . . . \ . . \
-0.05 -0.04 -0.03 -0.02 -0.01 o] 001 002 003 004 005 -0.05 -004 -0.03 -0.02 -0.01 0 001 002 003 004 005
Disalignment/°&mm Disalignment/*&mm
72 X tilt 73 Y tilt
z4 z5
0.15 T 0.15 T
—=—u
——V
0.1~ — e x| A
e Y
) ® . —o—z
g 3 B
2 z 0.05 .
E £ N
g g S
S i} 4 ~
£ E o —F— ¢ —6 —e6—o—o o 8 § 4
17} o .
8 8 \B\
] < \\&
€ - ‘€ 005 .
ﬁ e —8—Uu & ﬂ\\\
- ——v N
0145 —a—x| 4 01t S
Y
—e—z
015 . \ . . \ . . . | 045 . . . . . \ . . \
-0.05 -0.04 -0.03 -0.02 -0.01 o] 001 002 003 004 005 -0.05 -004 -0.03 -0.02 -0.01 0 001 002 003 004 005
Disalignment/°&mm Disalignment/*&mm
: : o o
74 Foucs 75 Astigmatism 0°or 90
Z6 3 z7
0.15 . Y L
—&—Uu —&—Uu
——v 41 ——v| |
0.1} —&—X| 4 —s—X
Y 31 Y
o —6—z o ——z
g @ 2[ 1
= 0051 2
[ 2
5 g K —
ke A — S e s
£ 0 - £ 0 e e y
o o .
8 8 g
o o -1f 1
= =
E -0.05 £
7] @ -2
N N
3
01
4
015 . \ . . \ . . . . 5 . . . . . \ . . \
-0.05 -0.04 -0.03 -0.02 -0.01 o] 001 002 003 004 005 -0.05 -004 -0.03 -0.02 -0.01 0 001 002 003 004 005

Disalignment/°&mm

76 Astigmatism 45°
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Zernike coefficients/wave

e Ny

- ——V

E/ —a—X

) / Y

—e—z

-0.05 -0.04 -0.03 -0.02 -0.01 o] 001 002 003 004 005
Disalignment/°&mm

78 X Coma and tilt

5
4
3
2
1
-1
2
3
4
5

B 3.6 FBETE 200mm HIAZ NS Zernike RECRE
LG5 Zernike RETWRIR, RITT 15 R BUEHEE A, 45 R 1058 3.3 fix:
£ 33 RO 200mm HLENS R EEEM

X Y V4 U v

Z2 93.006 0.000 0.000 0.000 1157.652
Z3 0.000 89.582 -23.594 -1131.447  0.000

z4 0.000 -0.279 -0.942 2.139 0.000

Z5 0.000 0.273 -0.083 -2.091 0.000

76 -0.285 0.000 0.000 0.000 -2.186
Z7 -0.014 0.000 0.000 0.000 -0.100
Z8 0.000 -0.012 0.009 0.085 0.000

X IR R FEREAT AT, T AIMS BB I R R AR A LA

(1) f£—EJGHPN, Zernike RE(BRZE RS KB LBELMMENE, FER
R PR R A A

(2) KBERINT Zernike R IUIR R (22 Z3)F2m LLie K, Hikgm
BURBIMEZERARTL, MR R/

(3) KMEX FIRBEGZELMN KRB MEIK y: V. UL XL Y. Zo

3.4 REREHERNLL
M5 DRI BT, T 200mm DR PAT NGNS, RADG
B AU AN B 07 U R o0 B 75V S AR, BT SRR SR S K
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Ja, LB AT IRI, P EA T Zernike R E, FHESF IR BRI
B, Rt EAA RN R GRS RN A G R R X L, AR SR
B, A RES AR AR, B PR S, AR 3.7 B

FEETEE FV. LS g
REEH Famike Fin gk
M2ErE £
FHEEsE

B 3.7 IEGEER

-, # 200mm /AR NIAGEANS AIMS FIREE RS F AN ZEMAX b
SRR, R ZEMAX BRI i, SURIRBEIRAS, 18
R AR RHEE ST, TR ] AL S U A T ) Zernike REL, FHAPHTRE, WH
NIRRT A 88 ) 2 AR U8 T B B

Hb, MH MATLAB 7 S AU R BERI AL E . RATEEE AR Smm (i
HIAR IS, OB GRS  10x10 H{f:45, BT Hot 4208 0.5mm, F&EE Y 15mm,
HAH TR TE 76 . W S-H WES [JEEE, X HLAR N S 1 A5 I /i 66 KW,
SRR FH AT DA M AR 8 BT 72 U A A% S A 7 TR i B AR AL B T
J& s R ERAR SRR AL AR, /B 0.1, 0.01 AT 0.001pwm [ s B 5T O
A RERAY, DUBEHERA AN R B R 22 5600 N 1 e & e B B iR ZE A T
P rmAsE, FIF AT B A BE T E AR AT Zernike 2L

800, TR RSB, MY IR AT EA A AT Zernike
R, PRBERE A E KRR, MORIER . DLRME ORI i oK A
B IEJE BB A B, R 3.4, F 3.5, £ 3.6 i, MRIEERE
T IR B B AR 72 R T R R, DL BT B RS T A FE R IE =T B
RZE IR AR F LR
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x 34 BAEEMNEAERFEPER
X/um Y/um Z/um  Ularcsec V/arcsec PV/A RMS/A
KR 2.5 0 0 0 0 0.0841  0.0197
BIEE  -3.980  0.000 0.000 0.000 1.872
0.1um
M2 6.480 0.000 0.000  0.000 -1.872 0.0844  0.0196
RIERE  2.056 0 0 0 0.128
0.01m
M2 0.444 0 0 0 -0.128 0.058 0.0163
BIEE 2517 0.004 0.000 0.001 -0.005
0.001um
M2 -0.017  -0.004 0.000 -0.001 0.005 0.0567 0.0162
® 35 FNEEABEAZERAENLSER
X/um Y/um  Z/jum  U/arcsec V/arcsec PV/A RMS/A
KiHE 0 0 ‘150 2 0.1642  0.0387
BIEE 1405 -8.203 -0.510 -2.411 1.595
0.1um
M2 -1.405 8203 -0.990 2.411 0.405 0.0727 0.0172
®IEE  0.084 0376  -1.514 0.108 1.978
0.01um
M2 -0.084 -0.376 0.014 -0.108 0.022 0.0606 0.017
KIEE  -0.001  0.017 -1.502 0.005 2.003
0.001um
M2 0.001 -0.017 0.002  -0.005 -0.003 0.0568 0.0163
* 3.6 SANEEMNBEAERFEDER
X/um Y/um Z/um U/arcsec  V/arcsec PV¥. RMS¥4
KiiE 1.5 2 2.5 2 -1.5 0.1845  0.0436
®IE&E  3.628 -3.870  3.334 1.394 -2.118
0.1 um
KIEfE  -2.128 1.870 -0.834  0.606 0.618 0.0907  0.0231
®IE&E 1.358 -2.020  2.495 1.997 -1.461
0.01 um
KIEfE  0.142 0.020 0.005 0.003 -0.039  0.0564 0.0161
KIE=E  1.468 -2.062  2.504 1.984 -1.493
0.001um
KIEJE  0.032 0.062 -0.004  0.016 -0.007  0.0565 0.0161

& KRB EREDE R G e RN EE
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ARAEAS AN 5] A BEAE TR M R, ASEAOLIN B i B (i % R PR s, IR B SR
RIS BAER, SRZEEBN . RO R A T ROR LA T 0.01um B, 2R IA
RER LR AE Ja AR B B AL A 22 R, R B AT RIS BBy, Ry il i8¢
AR AT AT RER IR 506 22 R R A5 B, JF Bl DAHER I vH 5 3 80
AT A2 AR B 28 AR TR B . RIS F I A A% Tk 7 i AT R BILA Jo0 BI2A E
s i B DN R P A B RO PR SR, R T R A T R I S AR 2K
DRI

3.5 FATHRIFERIT R

JR B 1A 38 BRI 77 58 7 BRI FH /N AR~ PAT YR IR I N T p, I S50
BT, PRIGRR B 142 200mm (AT . 9 73T AIMS BT BiMT 4R
FHGERD), PATRIRNAARRUN R, e R, R R R O
FRE, FERPAT IR B ERBEAT I A M . ARIEAE SR AR, T 5
I AR RS B, PR TAT Yl B AR I B 5 SR e, i 1 P AT R IR K 5
PERHG AT B B B K N T FCTAT IR AR R S AIMS BRI 45 R i AR
BHME RPN ISR R, ARTTLL AIMS B8 /3 D42 e i e /40, FIA
ZEMAX S5 B ER A 0 B4 BT AT G IR I A R AR B 1206 3 R G AT Rl JF
FIFH MTFCR il 4% 36 B ED PP R I 45 5, AR AT YR IR &S A R

B ZEMAX F S — AN 48 200mm (2RO AT 6, FE2 Bl
i A 2UERE 2000mm, 2500mm. 3000mm A1 3500mm i 2% KRG T H 4
Bro HARE T B MTF thZk &l 3.8 o, 2 [HAETEH] Olp/mm~331p/mm.

OTFHE{E

a 3.3 6.6 2.9 13.2 16.5 19.8 23.1 26.4 29.7 33.@

ES[EHTEL : [E)EA /mm

B 3.8 “PATLIRERIRES TORERSGH MTF Bk

32



553 E R ER AREIE T S RO AR 5

HRAE A7 S 5 AR T b 5 2 22 (-0.2mm~0.2mm) £ ELM T, DA R G AE =5 ]
i 8lp/mm. 161p/mm 1 241p/mm &b ) MTF EAE G TN KAE, 40 Hr A e £k
FREIPAT OGN Ot 57 R Ge AR I 28 R 5 e () 22 Sk, 13k 3.7, 3.8.3.9..3.10 Fows,
ARG AN 3.10 B

£ 3.7 BREFE 2000mm KP4 YE VR MTF 8

B /mm 02  -0.15 -0.1 -0.05 0 0.05 0.1 0.15 0.2
8lp/mm 0.4214 0.5230 0.6044 0.6570 0.6754 0.6575 0.6054 0.5248 0.4242
16lp/mm  0.1629 0.2409 0.3091 0.3558 0.3727 0.3566 0.3105 0.2424 0.1642
24lp/mm  0.0861 0.1012 0.1133 0.1212 0.1242 0.1220 0.1148 0.1030 0.0877
£ 3.8 HREFE 2500mm [KIPATYEIER I MTF 15
A /mm -0.2 -0.15 -0.1 -0.05 0 0.05 0.1 0.15 0.2
8lp/mm 0.5618 0.6097 0.6456 0.6678 0.6754 0.6681 0.6462 0.6108 0.5633
16lp/mm  0.2729 0.3138 0.3455 0.3656 0.3727 0.3661 0.3464 0.3151 0.2744
24lp/mm  0.1070 0.1141 0.1194 0.1229 0.1242 0.1234 0.1205 0.1155 0.1087
3.9 AR 3000mn FSEATYEIEAN MTF 18
B4 /mm 02  -0.15 0.1 -0.05 0 0.05 0.1 0.15 0.2
8lp/mm 0.6188 0.6431 0.6608 0.6717 0.6754 0.6719 0.6613 0.6437 0.6197
16lp/mm  0.3217 0.3432 0.3593 0.3692 0.3727 0.3695 0.3600 0.3442 0.3230
24lp/mm  0.1154 0.1191 0.1218 0.1235 0.1242 0.1239 0.1225 0.1202 0.1168
F 310 FHRAEFE 3500mm [ P4TEIEA M MTF {8
BB /mm 02  -0.15 0.1 -0.05 0 0.05 0.1 0.15 0.2
8lp/mm 0.6444 0.6578 0.6675 0.6734 0.6754 0.6735 0.6678 0.6582 0.6450
l6lp/mm  0.3444 03565 0.3653 0.3707 0.3727 03710 0.3658 0.3572 0.3454
24lp/mm  0.1192 0.1213 0.1228 0.1238 0.1242 0.1241 0.1234 0.1221 0.1203
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07 EFFL=2000mm 07 EFFL=2500mm
. — o———s5.
- o 9“\-&\\ e —
0.6 o 06 &
N
- ~\
0.5 : haN
: \ 05 —&— 8 Ip/mm
—— 16 Ip/mm
04 —&—8lpmm |P 24 Ip/mm
£ ot £
£ p/mm = 0.4
0.3
0.3
0.2 + 3
E f
0 0.2
o] 0.1
-0.2 -0.15 -0.1 -0.05 0 0.05 0.1 0.15 0.2 -0.2 -0.15 -0.1 -0.05 0 0.05 0.1 015 0.2
Defocusing Amount(mm) Defocusing Amount(mm)
EFFL=2000mm EFFL=2500mm
EFFL=3000mm EFFL=3500mm
0.7 0.7
oo —o6— e
s o —&—8 Ipimm
e é\\‘e*——\_ﬂ 7 —%— 16 Ip/mm [
0.6 0.6 24 Ip/mm
—&—8 Ip/mm
—#— 16 Ip/mm
24 Ip/mm
0.5 0.5
k B
5 0.4 £ 0.4
M amk
4 f
0.3 0.3
0.2 0.2
0.1 0.1
-0.2 -0.15 -0.1 -0.05 0 0.05 0.1 0.15 0.2 -0.2 -0.15 -0.1 -0.05 0 0.05 0.1 015 0.2
Defocusing Amount(mm) Defocusing Amount(mm)

EFFL=3000mm EFFL=3500mm
3.9 ANFEEEPATORIRRN MTF 22403 &

WAL AR, 2 PAT IR BRI R, AT IR B X % R 4t
IR T PEREE B AIG . 24P AT DGR AR DA 2000mm I, ~FAT6IE B R XL
FRGURTRI R VIS AT G RCEREE N 2500mm, ~FAT YR I R AR
H7E-0.05mm~0.05mm Y8 [, J6% KRG MTF {8 T FEIREETE 2% A 24°FAT
DGR REEEE DY 3500mm,  PATOGYR A AR B FE-0. 1Imm~0. Imm S, 65
RGN MTF 18 N FEIE AL 2% LA

Rk, SPATYGIRA R Ik AN /N T 3500mm, {3 FARS P38 265 e A A Y Aok
P PAT G UR AR T A7 B 1R 72 (28 £ )P 1 7E-0. lmm~0. Imm G N, AIfE45-FAT
JEUR B R R ROG A R GG TUR DS A% I 2% A, A RGP AT LR
FEXMG BRI S R AFE T, 15 R G0 R Z S HIAE R vFRITEE N .

FH ZEMAX W15 #ih T —3R & SR FERE AR SO TOTAT R IE, S5 R0
3500m, F/17.5, FREAHFE 250mm, FRFeK 350mm, MASHUWE 3.11 B
s JGEREINE 3.10 Fos, g RSIEIE 3.11 B,
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£ 311 PITRERISETRESH

R/mm K D/mm
M1 555.556 -1 200
M2 60.345 -1.375 20

//,/’
\\\\

B 3.10 “PATIIELERE

YE:e.0088 (&)

18.88

{BE: 0.808 mm

B 3.1 PATRRG RIE

3.6 ARBENG

A 2 G P B 3T R S 1 A3 R PR U S A T BT B VR A A K T, R
FH/N AR PAT e iR it N T A, AT DA IS H T ot b B VR 20 IX i, & T
SR BT A SV AR LA L B TR ) S AR AR DGIB B0 TT 5, W] AT 288 v U ks P A
IEE T KRtk BAh, BT SREERE, AR T IR
s, RGPS AL A HIT7TE, MR T N TR sURE LR I
HTER I 5 V21 F 1 405 LA HT o 4F ATMS B4 30k A [R] Ja3 358 1 428 g IX 8 B 11 42
RGBT IR WA AR RS FE PRI RS0, AR 5 I i A RIR Y R 0 R R v B R
BRI E. EARRY], MEMESNBGERE 200mm [ OANG, BT
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FRIREAR U ORI IAS BEIA ) 0.01um I, W DAARERIUKGZFE R, W
PRIV I A% B 7 i B AT AR X — R BE 75 5K o i 20 A 17 I N T2 R P AT G U
IFER, 2 PAT G BRIy 3500mm, A DA R T AT D65 25 fE X 5T
R g R, FEYIP BT 3K 200mm [142 12 1R ZERE AR R S0P AT IR,

HAGEPUN EEE. StPiERERN A, GHT AIMS B AR AR .
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% 4 % 3T Shack-Hartmann ¥ B 45 B 25 02 5296 R 48

P12  ETF Shack-Hartmann a7 RS MR LI RS

AT FICHRET R AR I T RAD AT Hr i as R b, it 17— 25k
T S-H WES B AR IR B 1L SIS0l R4, IR 1 seie il il R gt i st it
M PRI, S RGN, REFEE R Zernike RECKEE LK S0 K
FRZEHT, FHEKT AIMS 32 H B AR IE SR

4.1 SRS

BT AIMS B4 e @, BRI AIMS £, KRB RN A R&
SEAT S DRI R B E T R 3 AR ) s U B AR (4 YR B O R AR TE T SR A R
AT E T IS S I I R AT RIS

G IAIE 2R G000 A0 B R T RE AU ATMS BI85 VB 2% 1R 1 SE B 1ot o B SR 7
IR L AE MR RS, BARME TR S LR REUA K2, M4 A
BRI . I IIE RAM TR, HOCH A7E T, bR H USR5 ]
DI 00 81 B P R VA B, st 10 ATMIS. BE0 58 VC8E 2R TR0 8 25 S TRl Y 3 A 28
TR AR IR, DA AR R T 50 B4 R — B

AT R B a0 SRR AT SO A 45 2R, AU AIMS B 4 4% 200mm
A0 JR3 08 DX 3 A 2 T T 5 A R R 2 14 1 B DX Al B AR R T, o R T S
M1 F1 M2, i 4.1 FioR, $EEF LA B fks SR st R4, RIWT 58 44
AIMS S F R 2R R AT

200mm J&3 1 X 45

K 4.1 AIMS FHO£EBORER
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T TR s S48 10 i S RN [ 4 R B0 ATMS B8 R B S 5 —3, Wk 4.1 By
N, IMLHEHBREEERE AIMS BHid FREER—H. RGEYH4ED =
200mm, Z530EERR 10m, 5 AIMS BEimEi A [A .

£ 41 XRESE

R/mm K D/mm Off-axis/mm
M1 E5ys 4000 -1 220 610
M2 BAhMRERSE  708.333 -0.444 60 129.03

MRIECFE RGN TR, FATVEE 7 ERGZ Y RBHIMCEL R, Wk 4.2
FiR, BN R ENMRER, AIsil X, Y. Z =4ERE% %, B ABeh
A CLLABE I J LT RO o fie e sl ieds s A, B TN ez a6 b, M
RN raeit X Yy Z 2486 EH T REEE, B 4EH
%,

42 SERWIERRE. KERHSLERBEN

ARSI ZYGO Wt T30 AR v Bh 2 1 e 4, R L 2 g o K Y
MetroPro #fF, H45C3050IE R G M BB IR IRES . FIR, {F/H ZYGO ¥
e T AAER AR, yscsn s B s i 225 P I, I8/ G IR R 3%
%o ENME AR, SIS S-H WFS LK, DUEEAHSHEE. W
4.3 RN ZYGO F A .
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B 43 ZYGO BT

R4 AIMS A% 075 50 Bkl A s 1) SRl &5 BN EFE A B My e &, 3R
i1k F P1 A &) H-825 /N Efif 6, HEAKSHWER 4.2 Fix:

F 42 H-825 NEMBTFENESE

FiE ZH
L X,Y,Z,0y,0y,0,
X. Y 1A EBAT AR mm +27.5;4+25
Z 17 L IATRE /mm +14

O, Oy 7] LT HE/ +11.5;+10.5
0,1 L [RAT R +19
B2 Bt /N P fum 0.008

X~ Y~ Z 1A BB fum 0.3;0.3;0.25
Oy, Oy, 0,17 _E I E /ML arcsec 0.72;0.72;0.83

HF S5 25 F AP, FRATTE A Thorlabs 22 ] 1) WFS150-5C AL S-H WFS,
HARSHINER 4.3 Fin, 'BH CCD #RINE . MBS U8 s, H
I A M A, BT R E R R [F ZYGO T, B3k
FRGPNT . AEIIE T, BT RERE L E  HA BN TRE: — 2 RA ZYGO T
WACGHAT TFEAUAR B A R R, ORI E A SR R S IR Zernike R
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# 4.3 WFS150-5C B¢ S-H WFS 3

fabn ZH

iR 39%31

WFE B 4% 146um

iz 4 (] PR 150pum

TWOE B A SRR 3.7mm

CCD 41 #i % 1280*1024pixels(Set at 768*768)
(L SIWNGN 4.65um

PRI Y 300-1100pm

PEHTER I XA 3% FH Thorlabs 2 ® & I+ S-H WFS #Rl I 3E, FEH
FiHE MBI R EAAZ ZE 1) Zernike BB HEDE R LA BRI HT PV H AT RMS
%%, w5256 WFS150-5C %) S-H WEFS.

R A% AR A NS D2 B AT 4mm, B HEE SR AR = %D’ =100x 4 =

400mm. K, %% Thorlabs A &) -5 N AC508-400-A-ML XU &8 (A 215
BE N E

42 FFRF

SIS IE I R 5 S BT SRR I AT SR AT LA, AT A A et
J7RBEATRIS, 3] DR R Ut 48 S Bevt 7 AT Bt . Ot SIS R
G EEREENEN, Sl E— 6T AL B ARSI B X 52 45 AL #8
SR, RS R A RO S R TR A 8 SRS, A
MR, BN o, W I O S DGR AL B AR ZE I 1R
T RVFEE N B RGBT

1) FHEEH

SIEH ZYGO T AUE AR A T A, BT ZYGO T AU =4
BOR, AMEXHESENOREE, HHRREE L ZYGO T-HACNIEHE, FIHEOL
I E G A 25T, BTG DG 2K RS R R £ 5
M1, R B R Th s SR B (2 B,y s R R s el i T e S 6% 1 v A
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% 4 % F:T Shack-Hartmann U Hi & B2 MR 5236 R 48

R A HNELANKT S M AT 55 S8R M1 RN, S8 Sk S %
M, M M1 BRSPS HEEARES; HaiREBH B ER T Ml
i, (EREAFI M TRZ B, BiL, M1 ZEEYIEHE.

LZ

[

S-H WFS HEFLBE

B 4.4 FHRGESHTHEE DGR K

FESLAH I LAl b, R TR BB B AT RS OR, 7E ZEMAX Hh &
AN, @i ENU B RELE, WA 44 B, EREMAREE( =
27mm), FEREALTP AT Zemike 2% I, RIE ZEMAX KA &R, M1 [H)
BNYERE IR XY HPPREAIGE XY BligEs (o milf RO AT w32, ¥ DX,
DY. TX. TY, H& TX M TY fu%cR. Ftl, FATEZEX TX M TY J6%
AU 534, 132 RAEBZER) Zernike REM M1 H TX FI TY K&, W& 4.5 fr

N

o
o
<
1=

—=—MiTX
——m1TY

I
~
<
=

o
o
o
[N

o
[N
<
[S]

Zernike coefficientsfwave
S}

Zernike coefficientsiwave
(=]

=)
i
=)
=

-06 - . - - . - - - - 06 - - - - - . - - .
-0.05 -0.04 -0.03 -0.02 -0.01 0 001 002 003 004 005 -0.05 -004 -0.03 -0.02 -001 0 001 002 003 004 005
Disalignment/® Disalignment/®
Z4 Focus 75 Astigmatism 0°or 90°
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z6

o
=

o
i

e
e

o
[N}

/z’

| =

sl
e
e
e

Zernike coefficients/wave
=)
o o

04 /z

|-

—=—MITX
—6—mTY| |

06 . , . .
-0.05 -0.04 -0.03 -0.02 -0.01
Disalignment/®

76 Astigmatism 45°

z8

0 001 002 003 004 005

0.025

0.02 -

0.015 |

o
o> ©
S o
& =2

—=—MiTX
——m1TY|

o
1=}
S
s
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d dcos0 d — dcos0
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FEFEAJAH I A AN LEFE L AR A NS Zernike R EGEIFEREA—
o MWIEEHR IR BT, £ EiREUEN, KRS Zemike REUKL
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Y FliEEE R LN 0. Rk, FRATAT DRI R & RS IER TR, WEE
HIRIC/HT, X BRI B RS m R AT AL 1E, AR5 FET S-H WFS X2k
WEIATRE IR, Wkn] DU S0 R RIERTE H M, WNERRE, HEiHE
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&S 0.69 E-03 5.12 16.2 1.118

4.5 KEINE

AR BAEF OO B ARl b, ORI T AIMS i AL 200mm
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R, SERAUEIEHERE ZYGO T ST E st T k4R 3 e i,

55



AIMS B8 45 8 28 A5 S AR A D5 VW 7T

REGUWHT PV 218 3.4, RMS HZ1N V18, FIH /N EALEE T G f il kB ki,
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