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K �vnSI-|3QX�%B�&nS<~I-|��\XF%B�q--���s:�*Uf
1( �|J:��7W�}�x � h�EjZB��m���H�[\2�\<~�3Q%B�q--��*��E*r�z�P111.47 
 TP273+ .2 ��� .3W���A
1 �Y��;pNW�~A<h�XK{�~1K5	���sp%[1 (�uyZ) Di\tOn{2PJ��*	k��T\tOT�'�X����~pN>t	n~�		i+[2�~pN�WO� r0 KNFG~ 10 cm Ph	pNW��Z�}\tO~
�1+��1BrR~����`{1�G�Z[1QbI-%�q$~[1yP	1T�f�by
�$Ar��2PrE	k��99v�'	4QP��Bw-�p%Di\tO (p��urR��;}��) _)<b�2P$A�G�Z[1(~P��<	bz�~2P/Sr���O2P$A#o�G�Z[1"�"F	�za�_)U;}N�^�f?L�~k – i=�f?L ('R S-H f?L) ��-$AL,�H(~ S-H f?L<bDTO���2PH(<B	~Di\tOwZb5bD,�f�	 S-H f?L~ CCD #ow'T~DmR�:'_5�	0V[�~1�eDTO~[nb�	4Q$A�'��|wp℄� 1996 6	
Ragazzoni [1] ���_�b)~? (Pyramid) 
�2P$A~:8�l S-H f?L�"	Kg)~?2Pf?L~ CCD #w}|~_M[�~1�e�E\tO~mR[nb�	W�℄�� !v���2006-04-25 � 8|���2006-06-27~�6��d�Igh4�E1�C;�. (10533040)



� 4 G Q�A���j*��g�M�3Q%B-��� 363�fJA~�'��=.�i[;}\tO (�:7O#\tO) �9	)~?2Pf?L1Tby$AD\tO (�DO#) �"~��[WE	b;} (�Q�) ~
��O$A#o� 20026 4 x	Sp� 3.5 m Galileo \tO~G�Z[1
?=#<bÆ)~?2P$A� ESO ~
VLT Q��0/T~" LBT \tO�~e��DQSG�Z[1yP6$	�0<b�-2P$A*$�-P0�~e�~Di[;}=.��mR;} (DmR" ≥3) 6V	�G�Z[1�_Æ ~D[�me<bN`~ S-H f?L	H"��1BDmR~�����	�&�AT!rNL~7|)�bÆ2P�*~$A	FDmR"~[WE$AF����};}Hm��7T�~/DH,�*i)~?2P$A℄f1O�$Aw�
-#o~=		!iM��bp,,�79
�%mR;}H,{~
i)~?~�92PW�Q�[WE$A	x\1b0~[;}6V�OfU~>g�
2 �+�A4R&C
2.1 �j
�(�0kY��`<Æ)~?f?L~2P$Aq�iQbU 1 -��)~?O�IE�#b�*'~DJ7%~{~O	~O~�	l\tO[1yP~5w2	/v�~Oz#Kj/#IETOrIE CCD ;AL�~�2PH($A�	iQ0 CCD ;AL|1b 4 Ep���~��	1.l)~?O~ 4 E~#��Z�[2Kg\tOn{[M�[i)~?O�		Mg~O 4 E~#rTO~{z~ CCD ;AL~ 4 E��w1.�TIE_M�	Kj)ob 1 �2 �3 �4 �me flu2PrE	 CCD ;ALw~ 4 ED_M>{��x[v0℄f�J'~>{{��me0TO=5�fL	Yi V 1 �*��3Q%Br�s`N� [2]Q9* CCD #wFD_M�~p�17	��FD_M�6"�/��)~?O~q�wi'�b 2 E~(�{h�~ X *�[�l Y *�[��yGnM~[�	1.� X *�[��Y *�[�1[	'TlnM#QS~_M� (!E*�Ff 2E) ��ZinM#w!I		_M�w��faI~�	lHII`{�QX *�b�	yGnM#w,I	 P (x, y) ~[�~��>:{� X *�[�~ 2 E~#O�{	k�~
2 E_M�w�f[S~&`�me[��|�*	�H!1�IE~#{	W�Gf,IE_M�~QS�	wf[S	��IE��	��- – �+Æ1T&`_�*~*�	dp$���7q�*#o�bÆAbioB	~[�(Xn1i X �Y 
50<~�$=#O [3] 	mU 2 4��Q X *�b�	�$O~ Y 0<5l X *�[�~~(=(	0V~fi2=#w�~�$O~0<Qb{	e[M#w~ P 	{"2=#~[�J�2F)u&z�	[�Mgw�{~#~�"�Æ~2=#wR℄b�~fL�l CCD #w~{Q
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V 2 �%>$P�LRr�V [3]S�	{�~[S#ofI�~l"Wy�U 3 -� ���$~�$2F�R℄b�~fL�rQS�	 P1 �P2 [S{��"~�{Wy�H(	 ��$O~�$3'_b [−θ, +θ]	yPf�2_O�b f 	 P 	W�*J�~2�EbW (x, y) 	�$2Fb 2π �kU 3 (iQf_	 P1 	~[S{��"b t1 + t3 	 P2 	~[S{��"b t2 �~p�$>:{	 P	{_[�~2=# Y *�w~^9L�Æ
yf = f

∂W (x, y)

∂y
, (1)~���$�	

yf

2fθ
∝ sin

(

π

2
· t1 + t3 − t2
t1 + t3 + t2

)

. (2)

V 3 ���%|�%3G�S^gM�sRT�
\T|�	#�Xz



� 4 G Q�A���j*��g�M�3Q%B-��� 365� �uf�"0 CCD =#wv�~[D"�x��	�e (1) � (2) Æi}Æ
∂W (x, y)

∂y
∝ sin

(

π

2
· S1 − S2

S1 + S2

)

, (3)H(	 S1 ��$2F0 P1 	~~{�[S	 S2 � P2 	~{�[S�H\ (3) Æ	iQe$A_~[S#o[_2P?�	H�/S_2P�f� Y *�[�~2P$Al X *�},Æ
∂W (x, y)

∂x
∝ sin

(

π

2
· S3 − S4

S3 + S4

)

. (4)H(	 S3 �S4 1.� P 	~ Y [�(~QS�	 P3 � P4 ~{�[S�
2.2 �#
�s�(�0k4nydb�`<ÆeipNW��Z	%mR;}�FEDmR#~=2P�f�m~I�~
�	
Æ�ERb��[WrE	�b)~?OiQ�irE#oH($A�H*$��)~?O�	l 2 EDmR\tO~vT2	/v	~ CCD w1TO�$A|2P�*#oQ�D\tO�"~��[WE#o�OzKg2P/S	_�FG~*'O DM1 r DM2 [T*'r[WE�� [4] �OB	~:7O#~Z'{	FDO#me f5CQ�	Y�J���[WE	�-[WEleipNh��T~��[WrE��O~	4QFiQ�b)~?O�Q$A�+D _~�	[WE$Am~ 2π 2FIi~oB	I�1TKg%2O$A~*$Ab [5] 	!i6}YioB�e<��U 4 �
i;}vT[!~2P$Aq�U� V 4 �*��P�&nS<~O)�3Q%Br�V
3 �woT4RY�sG&C�r..�
3.1 �pB&o/�p,,�~-~~i1T"5℄1�ÆA2P$A*$~)1	1T/7+4w�/Q
�~
?LN	k���_,
�*�~i(�!i~�/p,,�
i
Windows XP =8	<b Matlab 6.5QbW.e"K℄�p,/$~S/
iq�[1q�	℄f)e~q�ST� umR2P$A~p,,�>gÆ Carbillet �k [6] ~*$	q�+U 5 �
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V 5 �vnSI-|*��P3Q%B�0%r�V)~?O�	l\tOyP~2	/v�H\ Fourier [1	2=#w[2~7�4i-�b
Ef = FT(P (x, y) · exp(−i · (φ(x, y) + ϕtilt(x, y)))) , (5)H(	Ml" P (x, y) =

{

1, 0 ≤
√

x2 + y2 ≤ D/2

0,
√

x2 + y2 > D/2
; φ(x, y) �pNh��T~2PrEÆ�

ϕtilt(x, y) ��$�R~W�3� FT -�Q8�H*��)~?O~N1iQ�bIE℄fl"�2N1~�f+��~ CCD #w}|~ 4 E_M��QbIE�C�/_~	1TC� 4 E��"m~~�;�Z�Mg)~?Oz[2~7�4b
Ep = Ef · exp(−i · φp(x, y)) , (6)O,}MgTOT�	 CCD #w 4 EDmR�~[S17 Ii(x, y) iQ-�b

Ii(x, y) =
n

∑

m=1

|Eccd|2 =
n

∑

m=1

|FT (Ep)|2, i = 1, 2, 3, 4 , (7)H(	 m = 1, 2, 3, . . . , n -��$�R~<B"��T X 5r Y 5*�~2P��#o1.b
Sx(x, y) =

I1(xp, yp) + I4(xp, yp) − I2(xp, yp) − I3(xp, yp)
4

∑

i=1

Ii(xp, yp)

, (8)

Sy(x, y) =
I1(xp, yp) + I2(xp, yp) − I3(xp, yp) − I4(xp, yp)

4
∑

i=1

Ii(xp, yp)

, (9)Æ(~ (xp, yp) �[M#w,	 (x, y) ~ CCD #w~QSf#�
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(Si+1,j
x + Si,j

x )/2 = (φi+1,j − φi,j)/h, i = 1 ∼ (N − 1)

(Si,j+1
y + Si,j

y )/2 = (φi,j+1 − φi,j)/h, i = 1 ∼ (N − 1)

, (10)H(	 N b�f�C	"��fA�C"D h = D/N 	 D b\tOK[rR�HI9i}|2P/S~�)*WNÆ
G = K · Φ , (11)H(	?�Z� G =

[

A 0

0 C

]

·
[

Sx

Sy

] �y"Z� K = −(h/2) ·
[

B

D

] � Φ �t[~2P�frEZ��Æ(Æ
A =























1 1 0 . . . 0

0 1 1
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, B =























1 −1 0 . . . 0

0 1 −1
. . .

...

0 0
. . .

. . . 0
...

. . .
. . .

. . . −1

0 . . . 0 0 1























,

C =























1 0 0 . . . 0

1 1 0
. . .

...

0 1
. . .

. . . 0
...

. . .
. . .

. . . 0

0 . . . 0 1 1























, D =























1 0 0 . . . 0

−1 1 0
. . .

...

0 −1
. . .

. . . 0
...

. . .
. . .

. . . 0

0 . . . 0 −1 1























,

A �B �C �D b N × N 9Z�� (11) Æ~AZy�O�!VA	iQ�T Φ = K
+
S �Æ(~ K

+ bZ� K ~_T5	�bJV�1A/$[_�C:�3k�ÆÆi0�frE�eb2P Tip-Tilt ��2��9rE�H5A9ÆrE [8] Æ
φ(x, y) = (a11 · x + a12 · y) + a2(x

2 + y2) + Q(x, y) , (12)Æ(�IÆb2P Tip-Tilt rE��!Æb�2rE��tÆbA9ÆrE�KgO�!V$	H\{Æi[_FÆy"
��f1��G�Z[1yP(~*'OrW�O��b��/S#oH(2P��Æ










∑

x2
i

∑

xiyj

∑

(x2
i + y2

j )xi

∑

xiyj

∑

y2
j

∑

(x2
i + y2

j )yj

∑

(x2
i + y2

j )xi

∑

(x2
i + y2

j )yj

∑

(x2
i + y2

j )











·











a11

a12

a2











=











∑

φi,jxi

∑

φi,jyj

∑

φi,j(x
2
i + y2

j )











. (13)
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3.2 �pB℄F,��+D���#pNr\tO~^>"	+- 1 �X 1 �i�{+=�lf _"? $ * S ? $ �qO
>P� r0/m 0.2^vQL^sU D/m 2.26Q�z� 0.1
hC=C\o / �- 512 × 512

CCD %\o / �- 1024 × 1024o|^5P λ/µm 0.55Æ&(` ± 4λ/DÆ&M:$ 64!i,�Q KolmogorovN�EQb��+%	J�1~�fAZ�+4pN�/$~8D96m{ [9] Æ (1) H\ Φ(k) = 0.023r
−5/3
0 k−11/3 (r0 �pN�;O�� k �l"<�) 	/�N�EZ� P � (2) �T��~A(17Z� R � (3) � A =

√
P · R 	�HH(8�H5*�0H(aI�	}|1�fAZ���-*�*$m~IE	ÆWb8�H*�℄f2F)	4Q}|~�fAF℄f2F)	�I=)�G,�_~2Pry, #w	iQKg;��fAyAb�` 2041�fAH($A,�	U 6��Æ,�gW("~i��>e�H(	U 6(a)�,�)~?O~�f+��U 6(b) �I�+4pN~1�fA�U 6(c) �,� CCD ,�w~ 4 E_M��

V 6 �-�hX)�j��?f�b (12) �(13) Æ��fAH(�f1A	}|�fA(~2PW�#o>g��}H\
3.1 <~/$/S�/2P�frE	�f1Az[_2PW�#o~$A��U 7 �>g�
(b ∗ o-�) r
�$A� (Qsa-�) ~"5�
ÆE�~ RMS ��i ± 0.0463 	iQf_
Æ*�\�
!�nv~�H\/S_~� 20 N!d2PW�rE#o	KjS��)�fA	fzl�Z~1�fAH( RMS z/r`I�e�	�/_2PW�4XK~�frE	�E2P�frE
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V 7 �2Æ�gBI-|�3QX�-�%B?f~"�	+- 2 �iQf_2PW�4XK~�frE�pNXK~2PrE~8D1��X 2 �Z��7:�l5,/r�>DwZ�5,/E'�lU�/q tH$� /q tH$�
1 0.66324 11 0.77494

2 0.47958 12 0.46043

3 0.91503 13 0.34877

4 0.46985 14 0.82904

5 0.76709 15 0.46597

6 0.90285 16 0.71525

7 0.89143 17 0.9161

8 0.40356 18 0.43109

9 0.94635 19 0.62134

10 0.59751 20 0.80169?d$� 0.6701

4 �'oT=�J.}�	�℄YG&C�r..�
4.1 �pB&o�� Esposito�k [10] ~���b)~?O$A:7O#~Q�)~oB��_~Y		U 1 4�[�(\tO8Omy:7	 CCD ,��}~2P��#o (� 3.1 < (8) �(9) Æ(~ Sx �Sy) lDO"~��[WEY'TI-��~Wy	0PKg[1
?�Q?��~�mR;}H,{	CCD#w~!E���kÆF_M�~�v�i�~�EmRw~
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S =

√

(

∑

Sx

)2

+
(

∑

Sy

)2

= K1 · sin(2π · ∆L/λ + K2) + K3 , (14)H(	 ∆L ���[WE� K1 �K2 �K3 �t�y"�
4.2 �pB℄F~%mR;}H,{	bÆ�Z 3.2<4��~p;1^>"6*Z	�+DJ9r��I�,�>"	+- 3 �X 3 �$��t�)�1\el+=�lf _"? $ * S ? $ �FpU^vQ$ 2FpU^vQL^sU D/m 2.2*"'P L/m 1.9FpU384 θ π/2, −π/2
hC=C\o / �- 256 × 256

CCD %\o / �- 512 × 512�DmR 1rDmR 2~nM#wW[WEJ�~^�f1.b φ1 r φ2 	V φ1 = 0	
φ2 = 2π · ∆L/λ 	H(	 ∆L �DmR"~[WE�Ml"b

P (x, y) =











1, 0 ≤
√

(x − L · cos θ)2 + (y − L · sin θ)2 ≤ D/2

0,
√

(x − L · cos θ)2 + (y − L · sin θ)2 > D/2

. (15)

V 8 �&nS<~I-|�
w�m# (a) m`N� (b)e�Æ^�f�Ml"z	Hk~z/q�r96l 3.2 <�O�U 8 ��Æ,�gW("~i��>e�H(U 8(a) �;}\tO	v�l"~(�℄n~/p�U	iQ)�f_[S�;}�$�U 8(b) �,� CCD ,�w 4��~_M�	!E��F�k 2 E_M��



� 4 G Q�A���j*��g�M�3Q%B-��� 371��� ∆L ~`�'_b 0∼2λ 	H\ 4.1 ~/$q�,�}|$A#o S �U 9 (~
�&`Æ S r ∆L ~Wy��b0�)>"~�L�O�!V/$	[_Æ (14) ~y"Æ
K1 = −10.11, K2 = 2.4119, K3 = 1.7555�U 9(~,��H\Æ (14)+%4v_~��^��

V 9 �&nS<~I-|���\XF-�%B?f
5 �L�t�~Z6V~)~?2P$A*$��ZbiurR\tO~G�Z[1	0TN�~
?�(}|Æ?�	x�i[;}+Ædzef
�~TN'��~-P0z#[;}\tO (=.��mR) ~YAH,{	!iM�/�℄f)eq�ST~[1,�+%	Kgp,*Æ�V)~?2P$A~[;}H,{~)1r>e�K>Qw,�>e	1T�}
	>�Æ (1) umRH,{2PW�rE$A>e6G?�Æ)~?~2P$AQb	�VKgXnpN�fA,�	�)Æ2PW�Æ4XK~�frE�e�EpNXK~2PrE~8D1�� (2) %mR;}H,{��[WE$A,�>e�
Æ2P��#olDmRwn{2P��[WE�"~��Wy�p,,�-P�ei^9~6V9�	�f-�oBft;3�{I9~KQ�|�uÆ
(1) �!F-���2P$A#o~℄Zt� (2) ~2P$Al/S�<
w	6V2P��~,�
�	O,[T[�~%�� (3) kuIW�D~�fA+4Y_|�DQS+Æ	k%mR;}Y�|�mR;}H,{~[b2P�f$A� (4) KgHI9d�/$	9*-PW.�(.��~		�
��*�"��
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The Design of Software Simulation Based on Pyramid Wavefront Sensor

CHEN Xin-yang1,2, ZHU Neng-hong1

(1. Shanghai Astronomical Observatories, Chinese Academy of Sciences, Shanghai 200030, China; 2. Graduate

School of the Chinese Academy of Sciences, Beijing 100039, China)

Abstract: Wavefront sensing is a crucial part of adaptive optics technology. The pyramid

sensor (PS) has the advantage of higher sensibility than other classical wavefront sensors. PS

is capable of detecting differential piston between sub-apertures of interferometer or elements of

segment mirror. On the basis of analyzing pyramid sensor principle, a software simulation design

including algorithm, some initial results and two conclusions about wavefront tip-tilt sensing

of single-aperture telescope and differential piston sensing of double-aperture interferometer are

discussed respectively. The next research scheme is also introduced briefly.

Key words: astronomical facilities and technique; adaptive optics; interferometry; wavefront

sensing; software simulation; pyramid


