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�mò´Ø�´�¬g·A1ÆXÚ����Ì��Ø�
. �©JÑ
�«|^�U�ªýÿ —– S��
��¦ (RLS) �ªýÿ�{5�ÑÙé¤�©EÇ�K�.Äk, 0�
äk RLS �ªýÿUå�m��¬g·A
1ÆXÚ�(�Úó��n. Ùg, �[?Ø
 RLS �ªýÿ�{�¢yL§. 2g,�OÚ�ï
�@�k�¬ë
6�[ì�m��¬g·A1ÆXÚ, é RLS �ªýÿ�{�ýÿ�J?1
©Û, ¿Ú��m����
'�.

©Û(JL²: �XÚ?u¥�rÝë6^� (�í�Z�Ý r0 = 6 cm, Greenwood ªÇ fG = 35 Hz) Ú�k�m
ò´Ø��¹e, ²L RLS ýÿ�, í�Å¡� RMS �d����� 0.26 Å� (1Å� = 785 nm) ü$�
 0.15 Å
�, ���JJp
 42%. ��, éýÿc�g·A1ÆXÚ�¤��J?1
é'Á�. ¢�(Jw«, ²Lýÿ
±�, XÚ�¤�©EÇd��m���� 25.4 cycles/mm Jp�
 32.0 cycles/mm, ¤�©EÇJp
 26%, ��

 0.9 ��û�4�©EÇ. Ïd, RLS �ªýÿEâ�±k��Jpm��¬g·AXÚ�¤�©EÇ.

'�c: g·A1Æ, ë6ýÿ, S����¦, �¬Åc��ì

PACS: 95.75.Qr, 42.79.Kr, 42.68.−w

1 Ú ó

�¬X� ÅcN�ì®�y²U
°(�
)¤I��ÆCÅc [1−4], ¿�ÙäkûÐ��5
 ��AÚûÐ�­E5 [5], ÏdAO·Üm�
��. m��¬g·AXÚ�éu4�XÚ�±!
� 50%�1U|^�Ç [5,6], Ó��±JpXÚ�
���° [7]. �éu�¬g·AXÚ5`, Ï~¦
^m���. �ïÄ�|��
rm��¬g·A
1ÆXÚA^uU©*ÿÚ¹N<úÀ��¤�
�+� [6,8−10], Ñ��
¤õ. ,
, m��¬g·
AXÚ���wÍ":Ò´lÅc&ÿ�Åc�
��m��mò´��, l
��
XÚ����
°,¦XÚ�·^��É���. ��5`, ýÿE
â�±ü$XÚò´�K�, �cJ´ë6Åc7

L´�±ýÿ�.

���3�´, Jorgenson, Aitken Ú Schwartz

�®�Ñ, �íë6Åc´�±ýÿ� [11−13]. �
8c��, A^ug·A1ÆXÚ�ýÿEâ�
Ì�8¥3ÄuC/º�4�g·A1ÆXÚ
¥ [14−19]. éum�XÚ�¡, Michael Lloyd-Hart
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�{I�¤Zþ�v�Ôöêâ, 
�N´Âñ
�«�4��: [22]. 
�, ù
ïÄó��Ì�
8¥3nØ©Û�¡. �8c��, ^u¢S�m
�g·A1ÆXÚ�ýÿEâ�����. �©
JÑ
�«ÄuS����¦{ (RLS) �^um
�g·AXÚ��ªýÿEâ. T�{O�E,
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Ý�, Âñ�Ý¯, 
�Âñ�þ�Ø��Û��
�:. ¿�ÄgrTýÿEâA^�
¢S�m
��¬g·A1ÆXÚ¥, Jp
XÚ�¤�©
EÇ.

2 RLS �ªýÿ�{

éuäkýÿõU�m��¬g·A1ÆX

Ú�(�µãXã 1 ¤«. éuz���±Ï
�)XeÄ�Ú½: 1) Shack-Hartmann Åc&ÿ
ì (WFS) æ8¿ÖÑ1:
; 2) |^1:
O�
�Ç�þ (SC); 3) �â�Ç�þ­� Zernike X
ê (ZCR); 4) |^ RLS �{é��� Zernike Xê
¥�z��ª?1ýÿ; 5) |^ýÿ�� Zernike

Xê�þO��Ýã (GC); 6) r�Ýãux��
¬Åc��ì (LCOS) ?1ÆCÅc���.

ã 1 �k RLS ýÿõU�m��¬g·A1ÆXÚµã

ã 2 RLS ýÿ�nã

RLS �ªýÿ�{´ RLS ÈÅì�*Ð, §
´�«ÏLS�¢y�g·AÆS�{. Ùýÿ
8IÒ´¦�z��ª�²þþ�ýÿØ���
��. ��½�| Zernike �ª��mS� [c(1),

c(2), · · · , c(n), · · · ], ýÿì�ÑÑ�

ĉ(n + N |n) =
M∑

k=1

ωkc(n − k + 1),

n = 1, 2, 3, · · · (1)

Ù ¥ M � ý ÿ ì � �ê, N ´� c ý ÿ � v

ê, ĉ(n + N |n) ´ý ÿ �, ωk ´ý ÿ Xê. T
ý ÿ � { � Ø % Ò´é � � | Ü·� ý ÿ X
ê {ω1(n), ω2(n), · · · , ωM (n)}, l
¦�ýÿþ�
Ø��Ú����. =¦

J(n) =
n∑

i=1

λn−i[e(i)2]

=
n∑

i=1

λn−i[c(i + N)]

−
M∑

k=1

ωkc(i − k + 1)]2, (2)
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�����. Ù¥ e(i) �ýÿØ�

e(i) =c(i + N) − ĉ(i + N |i)

=c(i + N) −
M∑

k=1

ωkc(i − k + 1), (3)

λ �¢#Ïf, 0 < λ 6 1. (2)ª´��IO���
�¦¯K. ^S���{¦)ª (2), �±��ýÿ
Xê ω(n) �S��{ (�©¥, ^ey�I²Ù�
����þ)

ω(n) = ω(n − 1) + k(n)e(n). (4)

Ù¥ e(n) �c��OØ�

e(n) = c(n + N) − c(n)Tω(n − 1), (5)

k(n) � RLS OÃ¥þ

k(n) =
λ−1P (n − 1)c(n)

1 + λ−1c(n)TP (n − 1)c(n)
, (6)

P (n)´��Ý
, ½Â�

P (n) =
[ n∑

i=M+N

λn−ic(i)c(i)T
]−1

, (7)

ÙS��#�{�

P (n) = λ−1P (n−1)−λ−ik(n)c(n)TP (n−1), (8)

Ù¥ c(n) = [c(n) c(n− 1) · · · c(n−M + 1)]T, �ý
ÿì�Ñ\¥þ.

RLS ýÿ�{�±V)¤XeA�Ú½ [�
ã 2]. 1) ��#ÿþ���,��ª� Zernike

Xê c(n + N) ��ýÿì�, Ù���ýÿì�
Ï"�A. 2) rþ�g�ýÿXê ω(n − 1) ÚÑ
\¥þ c(n) �\ (1) ªé�c�Xê�?1ýÿ
�� ĉ(n + N |n). ^Ï"� c(n + N) ~�ýÿ
� ĉ(n + N |n) ��c��OØ� e(n), = (5)ª¤
«. 3) |^ (6)ªO� RLS OÃ¥þ k(n), ,�|
^ (8)ªO�Ý
 P (n), �X|^ (4)ª�#ýÿ
Xê ω(n − 1) � ω(n). 4) ��|^�#��ýÿ
XêÚ�#ÿþ� Zernike Xê�þ c(n+N) ýÿ
�51 N v� Zernike Xê�, =

ĉ(n + 2N |n + N)

=
M∑

k=1

ωk(n)c(n + N − k + 1). (9)

� d, Zernike Xê� þ ¥ � � � �ª� ý
ÿB�¤
. Ù¦�ª�UþãÚ½�g?1.

�¤k��ªÑýÿ�.�, B�� 
��ý
ÿ�� Zernike Xê�þ. 
ýÿìK��e�
� Zernike Xê�þ��5. �#� Zernike Xê�
þ�5±�, ýÿìr�mæ�: n O\� n + 1,

,�­Eþ¡� Zernike Xê�þ�ýÿL§.

3S�L§�m©, kü�CþI��½Ð�,

= ω(0) Ú P (0). �©¥� ω(0) = 0, P (0) = δ−1I ,

I �ü Ý
, δ ´���éé��ê, δ 6 0.02σ2
c

(σ2
c ýÿìÑ\¥þ���).

3 ¢�9(J

3.1 111´́́999¢¢¢���CCC���000���

¢�|^
�¬X� N�ì��ë6�[
ì, ±�)�mÚ�mA5���ë6Å¡. ¢y

Të6�[ì�m��¬g·A1ÆXÚ�é
�. ¢�1´ãÚ¢ÔãXã 3 Úã 4 ¤«. d1
nåuÑ�x1���º (TTM, vª 700 Hz, �
»�» 15 mm) ���, ²Lßº L1(�å 100 mm,

�» 25 mm), 633 nm pÏÈ1¡ (D),  �¡ (P,

ß���� s  �1) C¤ s  �1, ,�²ß
º L2(�å 270 mm, �» 67.5 mm) �?\��
¬ë6�[ì (ATS, ¦^����¬, N���
� s  �1��, ¥%Å� 785 nm, vª 200 Hz,

� �ê8 256 × 256, � » � » 6.1 mm). , �
² ATS N�����£5, 2g²Lßº L2, �
²¡��º M1 ���²L�� λ/2 À¡, s  
�1C¤
�ç���¤ 45◦ �� �1. T 
�1²ßº L3(�å 270 mm, �» 40 mm) �?
\��¬Åc��ì (LCWFC, ¦^����¬,

N���� s  �1��, ¥%Å� 633 nm, v
ª 286 Hz, ��ê8 256 × 256, �»�» 6.1 mm).

LCWFC éÙ¥� s ©þ?1��, p ©þ�±Ø
C. �Xü�©þ�1Ñ� LCWFC ��£5, ²
ßº L3, ²¡��º M2 Úßº L4(�å 150 mm,

�» 37.5 mm) �?\� �©1cº (PBS). Ù
¥� LCWFC ���� s  �1� PBS ���
²ßº L5(�å 250 mm, �» 40 mm) ?\¤�
�Å Camera(Micro Vista CMOS) ^u¤�, ,�Ü
©vk� LCWFC ��� p  �1� PBS ßL,

?\ Shack-Hartmann Åc&ÿì [23,24] (WFS, �
» 3 mm, �ßºê 20×20 ¤8�ü�, vª 500 Hz,
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�Ü�Å��ê8 128 × 128) ?1Åc&ÿ. ��
5¿�´, 3T�¬g·A1ÆXÚ¥, �,Åc
&ÿì WFS  uÅc��ì LCWFC ��¡, �
du ���'X, E,áum�1´ [6]. 1´¥,

TTM ^u�� ATS �)���ÆC, LCWFC ^u
��Ø��±	�Ù¦p�ÆC, ýÿ��éùÜ
©ÆC?1, 
 WFS ^u&ÿÆCÅc. � TTM,

ATS, LCWFC Ú WFS I�?u1Æ�Ý� �þ.

ã 3 ýÿXÚ1´

ã 4 ýÿXÚ1´¢Ôã

3.2 ëëë666ÅÅÅ¡¡¡��� RLS ���ªªªýýýÿÿÿ©©©ÛÛÛ

4ë6�[ì�)�í�Z�Ý r0 = 6 cm,

Greenwood ªÇ [25] fG = 35 Hz �ë6Åc. |
^ WFS P¹ë6Å¡� Zernike Xê, |^1�!
�ýÿ�{éÿ�� Zernike Xê����ª?1
ýÿ©ÛÚ'�, ±�Ñ3�k�mò´Ø��

�¹e, RLS �ªýÿ�{�ýÿ�J. duXÚ
ò´�� 3 �� WFS æ�±Ï, ��cýÿ�v
ê N = 3. ýÿì��êM = 10, ¢#Ïf λ = 1.

�
L�ýÿ��J, ½Â
ýÿ�JÏf

η = [1− < σ2
φ >1/2

pre / < σ2
φ >1/2

unpre] × 100%, (10)

Ù¥ < σ2
φ >

1/2
unpre �²L�����í�Å¡�

²þ RMS �, < σ2
φ >

1/2
pre �²Lýÿ���í�

Å¡�²þ RMS �. ã 5 �Ñ
ë6Å¡��
c� RMS �!�����í�Å¡� RMS �±
9ýÿ���í�Å¡� RMS ���m�Cz
�¹. �±wÑ, ²L�����, ë6Å¡�²
þ RMS �l 0.96 wave (1wave = 785 nm) ü$�

 0.26 wave, 
²Lýÿ��±�?�Úü$�

 0.15 wave. ýÿ�JÏf��
 42%.

ã 6 �Ñ
?¿]À�1 3 � Zernike �ª�
ýÿ�¹. �±wÑ, éu���� (ã 6(a) � +

Ò�), duXÚ��mò´, ��þo´á�u
¢S�ë6 (ã 6(a) � × Ò�) &Ò, ��3��
�í�; 
ýÿ&Ò (ã 6(a) � • Ò�) Ä��ë
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ã 5 ë6Å¡!������í�Å¡±9ýÿ�
���í�Å¡� RMS ���m�Cz (ü �Å�:

785 nm, æ�ªÇ 500 Hz)

ã 6 1 3 � Zernike Xê�ýÿ�J

ã 7 é1 3 � Zernike �ª?1ýÿ��ýÿXê

6&Ò­Ü
, �ýÿ��í�'������í
�²w~�. ã 7 �Ñ
é1n��ª?1ýÿ�,

ýÿXê��m�Cz�¹. �±wÑ, éu 10 �
ýÿXê, �S� 1000 g±�, Ò�Ü­½
. é
uÙ¦�ª�ýÿ�Ä�Xd.

�

)z��ª�ýÿ�¹, ã 8 �Ñ

c 35 � Zernike �ª (piston Ø	) ²�����Ú
ýÿ�����ªXêí� RMS ��©Ù�¹.

�±wÑ, �X�ªê�O\, �����Úýÿ
�����ªí�ÑÅì~�. éuz� Zernike

�ª, ýÿ��í��o´�u������í�
�. �
L�²Lýÿ���ª�ýÿ�J, ½Â

�ªýÿ�JÏf

ηmode =[1− < σ2
mode >1/2 / < σ2

mode >1/2
unpre]

× 100%, (11)

Ù¥ < σ2
mode >

1/2
pre �ýÿ���1 mode ��ª

�²þí�, < σ2
mode >

1/2
unpre ������1 mode

��ª�²þí�. ã 9 �Ñ
��ª�ýÿ�J
Ïf©Ù. �±wÑ, �X�ªSê�O\, �ªý
ÿÏfd 45%�úeü� 30%�m. ùÌ�Ï��
X�ªê�O\, �ª&D' [26] ¬ü$, Ó�ë6
��ª��ªÇ¬�� [27], �ýÿ�J¬eü.

ã 8 ²����Úýÿ�����ªí� RMS ��ªê
�©Ù

ã 9 �ªýÿ�JÏf��ªê�©Ù
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3.3 ëëë666ÅÅÅ¡¡¡���������������ýýýÿÿÿ������������¤¤¤
������JJJ

E,4ë6�[ì�)�í�Z�Ý r0 =

6 cm, fG = 35 Hz �ë6Åc. �A�1nå��
Xã 10(a) ¤«. d�1nå���
Ø�, ©EØ
Ñ?Û[!. �mé�¬g·A1ÆXÚm���
õU±�, ¤¼��1nå��Xã 10(b) ¤«, d
�Ä��±©Ez�1n�. �mé�ªýÿõU
±�, 1nå��Xã 10(c) ¤«. ������
', ã�é'Ý²wJp, �±�~�Ù�©Ez
�1n�.

�
½þïÄýÿ��J, 31nå��þ�

¬©EÇ�, Xã 3 Úã 4 ¤«. 3�þ¡¢�Ó
��ë6^�e, mÐ
����Úýÿ��¢
�. 3��c, ©EÇ���Xã 11(a) ¤«, ã�
�¡�
, ©EÇ4$. ²L��m���±�, ©
EÇ���Xã 11(b) ¤«, d��±©EÇ�±
�� 25.4 cycles/mm, 
TXÚ�û�4�©EÇ
� 35.9 cycles/mm, ���
 0.7 ��û�4�©E
Ç. ²ýÿ��±�, ©EÇ���Xã 11(c) ¤«,

d�©EÇ?�ÚJp�
 32.0 cycles/mm, ��

 0.9 ��û�4�©EÇ. �ýÿ������
�', ©EÇJp
 26%. dud��XÚ�Ø�

Ø
�mò´Ø�, ��)
 LCWFC �[ÜØ
��, �ýÿ�Jl¤�þw¬k¤eü.

(a) (b) (c)200 mm 200 mm 200 mm

ã 10 1nå�� (a) ��c; (b) m����; (c) m�ýÿ���

(a) (b) (c)

ã 11 1©EÇ��� (a) ��c; (b) m����; (c) m�ýÿ���

4 ( Ø

�mò´Ø�´g·A1ÆXÚ���Ì�
Ø�
��. �©ÄgJÑ
�«S����¦ý
ÿ�{éë6Åc����ªXê?1ýÿ, Uõ

XÚ����°, l
Jp¤�©EÇ. Äk�ï

�@��¬ë6�[ì�m��¬g·A1Æ
XÚ. Ùg|^Åc&ÿìÿþ�)�ë6Å¡,

©Û
 RLS �ªýÿ��J. (JL², 3 Green-

wood ªÇ fG = 35 Hz, �í�Z�Ý r0 = 6 cm �

129501-6
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ë6^�ÚXÚ��3�mò´Ø���¹e, �
����í�Å¡� RMS �d��c� 0.96 wave

ü$� 0.25 wave. ýÿ��±�, í�Å¡� RMS

�~�� 0.15 wave, ýÿ�JJp
 42%. ��,

|^��m���Ú RLS �ªýÿ��¢y
é
1nåÚ©EÇ�¤�. (JL², ²L�ªýÿ
±�, 1nå��é'Ý²wJp, �±�~�Ù
/©Ez�1n�. d©EÇ��¢���, XÚ

�©EÇd��m���� 25.4 cycles/mm Jp�
ýÿ����
 32.0cycles/mm, Jp
 26%. du
XÚ�û�4�©EÇ� 35.9 cycles/mm, �XÚ
�5Ud����� 0.7 ��û�4�©EÇJp
�
ýÿ�� 0.9 �û�4�©EÇ. dd��, Ï
L RLS �ªýÿ�{, �±²w�J,m��¬g
·AXÚ����J.
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Abstract

In order to reduce the time delay of the liquid-crystal (LC) adaptive optics system (AOS) which reduces the image resolution

of the observed objects, we present a new technique for the first time which is called recursive least square (RLS) modal prediction

of turbulent wavefront. First, we introduce the structure of the open-loop LC AOS with RLS predictor. Second, we present the RLS

modal prediction algorithm in detail. Third, an actual open-loop LC AOS is designed and built, and the RLS prediction is carried

out on it. It is shown that under a pure time delay system and the turbulent condition with Greenwood frequency of 35 Hz and Fried

parameter of 6 cm, after prediction the residual wavefront error reducs to 0.15 wave (wave = 785 nm) from 0.26 wave that is obtained

through the direct open loop correction. The prediction gain reaches 42%. Finally, the images obtained by the open-loop AOS with and

without prediction are demonstrated. With direct correction without prediction, the image resolution reache 25.4 cycles/mm. After the

correction with RLS prediction, the image resolution reaches 32.0 cycles/mm which is equal to 0.9 of the diffraction limit resolution of

the system. Therefore, with respect to correction without prediction, a relative gain of 26% in image resolution is achieved with RLS

prediction. In conclusion, the RLS modal prediction can improve the image resolution of the open-loop LC AOS effectively.
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