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�¬� N�ì��A�mò´´K��¬g·A1ÆXÚ5U���Ì�Ï�, �
JpXÚ��A�Ý,

mu
�«¯��A�����¬á�, ¿�¤
��ª7Ä�¬ì� (LCOS). ©Û
T LCOS �� N�A5
9Ùé·�ÆCÅcÚ6ÄÅc���Uå. Äk, ÿþ
 LCOS �>1�AA5, �ÑÙ 780 nm � N�þ��
A�m� 2 ms. Ùg, ÿþ
 LCOS �� N�A5, ¿é� N�?1
�5z?n. 2g, ÿþ
^T LCOS �
ï��¬g·A1ÆXÚ�4�Úm� 3 dB �°, §�©O� 16 Ú 18 Hz. ��, �Ñ
m��¬g·A1ÆXÚ
���íë6�ê��[(J, (JL². XÚ� Strehl 'd��c� 0.025 þ,�
���� 0.225. Ïd, T�¬
g·A1ÆXÚ�±é Greenwood ªÇ� 30 Hz ±e��íë6?1�ûÐ���.

'�c: �¬� N�ì, g·A1Æ, Åc��, 3 dB �°

PACS: 95.75.Qr, 42.79.Kr, 42.68.−w

1 Ú ó

C�c±5, �¬� N�ì�5�É��ï
<
9ó§Eâ<
��à, ÙÌ�`:k��ê
�!�|�B!õÑ$!d�B¨!�)�Å¡
°Ýp!E5Ð!½I�äk�5�A±9�
±¢y?§��� [1−5]. ,, �¬� N�ì�
Ì�":´ ��6Ú�A�Ýú [6−8]. éu 
��6=�UN� �1�":, �±ÏLm��
�!ügN�³½©ON���{5�Ñ [6,7,9].

éu�A�Ýú�":, <�JÑ
æ^c>�¬
½öVª�¬��{5JpÙ�A�Ý [8,10]. ,
, duc>�¬�V��A, Ã{¢yëY�
 N�. Vª�¬�°Ä�ªE,, Ù°Äü�ê
�éJ��. �X�¬á�ïÄ�Øä�\, ��
��¬��A�ÝC��5�¯, 8c���Î¦
þ?. Ïd, ����¬� N�ì®²¤õA^

u�í9À��g·A1ÆXÚ¥ [11,12].

éA^u�íg·A1ÆXÚ¥��¬� 
N�ì, �¬��A�m��K�XÚ��°. 8
c®�������¬� N�ì��A�m�
� 4—5 ms[12], �U�� 10 Hz �m�ë6Åc. �

¦��¬g·A1ÆXÚU
���¯�ë6
Åc, I�ïÄ�A�Ý�¯��¬� N�ì.

��K|ÄgmuÑ
�±p�A�Ý����
�¬� N�ì, �A�m��
 2 ms. �©Ì�
�åuT�¬� N�ì�>1A5!� N�
A5�ÿÁ±9ÙÅc��Uå�©Û. �Ñ
T
�¬� N�ì�>1�AA5, ÿþ
� N�
A5¿é� �A?1
�5z?n. Ó���Ñ

dT�¬� N�ì|¤�4�Úm�g·A
1ÆXÚ����J¿ÿþ
�A� 3 dB �°, �
�
m�g·A1ÆXÚ���íë6Å¡�ê
��[(J.
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2 �¬� N�ì�>1�AA5

Äug���¬á�, \ó�¯��¬� N
�ì´�«��ª7Ä�¬ì� (LCOS). LCOS �
Ýþ� 1.4 µm. ¤¦^�����¬3¿§ 25 ◦C

��á¶ò�Ç no � 1.50, �¶ò�Ç ne � 1.89,

�¶�á¶ò�Ç� ∆n � 0.39. �
�\O
(/ÝºT LCOS ��AA5, éÙ>1A5?
1
¢�ÿÁ. ÿþ�¢��n´|^ �1�
Z�, ÿÁC�Xã 1 ¤«. 1æ^¥%Å�
� 635 nm(±e^ λ635 L«) ���N-1ì. -
1²LO�ßº�, ¤�²11. ²L �¡ ( 
�����¬©f�¶�Y�� 45◦) �, �\�
� LCOS ¡�þ, ,����£5. ��1�\�
1�Y�I�u 5◦. ��12g²L �¡�, �
��º��¿²L¬àßº, ���à��1>=
�ìþ. 1>=�ìò1r&Ò=��>Ø&Ò¿
�«Åì�Â.

ã 1 LCOS �>1�AÿÁC�

� LCOS �O/�\>ØÚ�K>Ø, LCOS

¥ � � ¬ © f � � O / ç å � � e. 3 ² 1
u LCOS Ä��²¡S, �±r\�� �1©
)�÷�e���¬©f�¶ (e 1) Úá¶ (o 1)

���ü�R�©þ. e 1�ò�Ç

ne(θ) =
none

(n2
o cos2 θ + n2

e sin2 θ)1/2
, (1)

Ù¥ θ ��¬©f�¶��eG���¶�Y�.

o 1�ò�Ç©ª� no, � θ Ã'. �1ÏL LCOS

±�, o 1� e 1�� �

∆ϕ =
2π

λ

(
n e(θ) − no

)
d, (2)

Ù¥, d � 2 ���¬�þÝ, λ �-1Å�. �-
11�gÏL �¡�, Ù1r

I = A2[1 − sin2(∆ϕ/2)], (3)

Ù¥ A �-11�gÏL �¡���Ì. d (3)

ª��, ��1rCz�, éÙ?18�z?n,

Ò�±¼� LCOS �� N�þ±9�A��
A�m.

¢�ÿ��1rCzXã 2(a) ¤«, �A��
 �AXã 2(b) ¤«. ì�Ã¡��m� N�þ
��
 1028 nm, Xã 2(b) ¤«. du�¬g·A
1ÆXÚ�O�N�þ�I 780 nm, ÙéA��A
�m� 2 ms(�¤ 780 nm ��¬� N�ì�, �
A�m¬Ñ�u 2 ms). ù'ÊÏ�û�z�¬�
 N�ì��A�m¯��±þ.

ã 2 LCOS �>1�A (a) 1r��m�Cz; (b) � �
�m�Cz
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3 LCOS �� N�A59Ù�5z

��ó, LCOS � N�þ��\3Ùþ�
>Ø¥��5'X. �
�B��, I�éÙ?1
�5z?n. ?n��{´ké�5lÑz��
 ©Ù Pl Uì�¬���5A5?1ý?n, �
�lÑ�Ý? G, G =�¤>Ø��\3 LCOS �
���þ, ¦ LCOS �)� Pl ����5z� 
©Ù. éu LCOS ���, G ������ 0—128

½ 128—255, Pl ������ 0—255. ã 3 �Ñ

�\3 LCOS þ�>Ø��Ý?�'X. � G l 0

O\� 128 �, >Øl��� Vmax('X 10 V, �ó
²k') Cz���� Vmin('X 0 V, �ó²k').

� G l 128 O\� 255 �, >Ø�ql Vmin Cz
� Vmax. Ïd, G �IÀJ 0—128 ½ö 128—255

¥��ã=�. �©ÀJ
 128—255 ã.

ã 3 LCOS þ�\�>Ø��Ý?�éA'X

½I� (LUT) ^urI�)�� ©Ù Pl

N���Ý?©Ù G, ±¢y LCOS ��5z�A.

�
ÿþ LUT, ÄkI�ÿþ�¬�� N�A5.

� LCOS �\Xã 4(a) ¤«��5Cz��Ýã,

Ùz1�� ©Ù�Ó, Ñl 0 Cz� 255. æ^
�5 LUT � (=d�� LUT �´�5/ò 0—255

«mN�� 128—255 «m), éA��\3 LCOS

þ�>Øl��m�5/l Vmin Cz� Vmax. |
^ Zygo Z�¤ÿþ
 LCOS �)�ý¢� ©
Ù, Xã 4(b) ¤«. éz1� ©Ù¦²þ, B¼
�
 LCOS � ���5�A'X, = LCOS �
� N�A5. dã 4(b) �±wÑ LCOS �N�
þ��
 1025 nm, �þãÿ�� 1028 nm 3¢
�Ø���S��. du LCOS �N�þ�I�

� 780 nm, �ò$>Øà�N�þíØ, ��3
p>Øà� 780 nm �� ©Ù. ,�òÙ8�z
� 0—255 «m. ��, r� ©Ù��gCþ, �
Ý?��ÏCþ, ���?n, éÑz�� ?g
þéA��Ý?, B��
 LUT, (JXã 5(a) ¤
«. lã 5(a) �±wÑ, éu 780 nm �� N�þ,

�Ý?©Ù�����´ 154—255.

ã 4 z1�Ý?Ñ�5/l 0 � 255 Cz��Ýã9�A
�� �A¡ (a) �Ýã; (b) �A�� �A¡

|^¤ÿþ� LUT, E,� LCOS �\ã 4(a)

¤«��Ýã, ��
Xã 5(b) ¤«�� �A.

dã 5(b) ��, � �A��5Ý�~Ð, N�þ
� 784 nm, ��O� 780 nm 3¢�Ø���S�
�. LCOS ½I�^|�¤�Åc���Ð
O�.

089501-3



Ô n Æ � Acta Phys. Sin. Vol. 61, No. 8 (2012) 089501

ã 5 LUT ±9A^T LUT �¤¼���5� �A
(a) LUT; (b) �5� �A

4 LCOS é·�ÆCÚÄ�6ÄÆC
���

4.1 444���XXXÚÚÚ������������JJJ

|^#ï�Ú½I�� LCOS �ï
��4
�g·A1ÆXÚ, Xã 6 ¤«. d1nåuÑ
�x1²L 780 nm �È1¡�¤�üÚ1, ²1
<!ßº L1 ��.Ò� PI S330 ���º (TTM)

��, ,�²ßº L2, L3 Ú©åcº (BS) �?
\ LCOS, � LCOS ���² BS!ßº L4 Ú L5

?\ �©åcº (PBS). PBS rÙ©¤ ��
��pR��üå1, Ù¥�å1?\��.Ò
� ShaH1000 �MAù&ÿì [13,14] (WFS), ,�å
1?\��>ÖÍÜ�Å (CCD, ã 6 ¥ WFS2 �
 �). éu4�XÚ, I�r �¡Úo©��Å
¡ (λ/4) �\1´¥, Xd WFS ¤&ÿ��B´
² LCOS ����Åcí�, CCD ¤�Â��Ò´
²4����1nå��. WFS �vª� 500 Hz,

LCOS ��A�m� 2 ms.

ã 6 m�/4��¬g·A1ÆXÚ

Äku�
T LCOS é·�ÆC���Uå.

�XÚ��AÝ
 [15] ÿþ�¤±�, 31nå�
1<�m�\��¯1Ý� 500◦ �º¡, �XÚÚ
\
��·��ÅcÆC. ^ WFS ÿþÆCÅc,

Ù¸¸� (PV) �u 4.01 �Å� (Å�� 780 nm),

þ��� (RMS) � 1.03 �Å�, Xã 7(a) ¤«. �
A�1nå���
Ø�, Xã 7(c) ¤«. ²XÚ
���, ÆCÅc� PV ü� 0.15 �Å�, RMS ü
� 0.02 �Å�, Xã 7(b) ¤«. d�U�Ù/©E
1nå¥z�1n���, Xã 7(d) ¤«.

�
(½ LCOS é6ÄÅc���Uå, I�
ÿþXÚ�4��°. r¯1Ý� 500◦ �º¡l
1´¥Ø, ¦^ TTM �)ØÓªÇ��u��
6Ä, ,�^XÚ?1��. ã 8(a) �Ñ
 WFS ¤
&ÿ�����ªXê3XÚ��c��Cz�
¹. lã 8(a) �±wÑ, ²���, ��6Ä�Ì�
²w~�. �
½þµdXÚé�«6ÄªÇ��
��J, Ú\6Ä³��Vg, Ù½Â� [8]

R = 20lg
(

Ares

Atur

)
, (4)

Ù¥, Ares ´���6Ä��Ì, Atur ´��c6
Ä��Ì. d?æ^ 3 dB �°éXÚ�6Ä³�
Uå?1µd, ½Â��6Ä³� R = −3 dB �
¤éA�ªÇ. ã 8(b) �Ñ
XÚé��6ÄªÇ
�³��^. lã 8(b) �±wÑ, XÚ�4��°
� 16 Hz, ¿�é 20 Hz ±e�ªÇ6ÄÑk³�
�^.
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ã 7 ²g·A1ÆXÚ��c��Å��91nå�� (a) ��c�ÅcÆC; (b) ����ÅcÆC; (c) �
�c1nå��; (d) ���1nå��

ã 8 4��¬g·A1ÆXÚé��6Ä��� (a) ��
6Ä��c��ÌÝCz; (b) XÚé�6ÄªÇ����J

4.2 mmm���XXXÚÚÚéééÄÄÄ���666ÄÄÄÅÅÅccc���������

éu�¬g·A1ÆXÚ, m����±J
pUþ|^ÇÚ��ªÇ [9,16]. Ïd, �Ü©�
í�¬g·A1ÆXÚÑó�3m�G�e. ·
�ém�XÚ��°?1
ÿÁ. ¢�XÚXã 6

¤«, r �¡Úo©��Å¡l1´¥£Ñ. d
� LCOS N��1� PBS ��, WFS ÿþ��´
����ÅcÆC, �XÚ�m�XÚ. �
&ÿ
����6ÄÅc, 3XÚ¥£m CCD, �þ,�
�MAù&ÿì (WFS2), ;�ÿþm�����
Åc6Ä. m�XÚé���6ÄªÇ�³��
^Xã 9 ¤«. �½�¬ØÓ��A�m, ÿþ

�A� 3 dB m�³��°. �¬�A�m� 2 ms

�, �°�p, �� 18 Hz; �A�m� 6 ms �, �
°eü� 12 Hz. dd��, �½�¬�A�m�
�, XÚ��°��, ���J�½. ùÌ�´Ï
��A�m��, �¬�A�� . éu¢S�m
�XÚ, �½��A�mAT�¢S��¬�A�
m��.

3�½ 2 ms �A�m�, m��¬g·A1
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ÆXÚ��°� 18 Hz, '4�XÚ�°¯
 2 Hz,

ùÌ�´Ï�3m�G�e�±¢y¿1?n. é
um�XÚ, � LCOS m©�A�, WFS Ò�±m
©e����±Ï�Åc&ÿ. éu4�XÚ,

WFS I��� LCOS �A� ±�âUm©e�
���±Ï�Åc&ÿ. Ø=Xd, m��¬g·
A1ÆXÚ��±Jp 50%�Uþ|^Ç [9]. Ï
d, A^u�íë6����¬g·A1ÆXÚÏ
~¦^m���.

ã 9 m��¬g·A1ÆXÚé�6ÄªÇ����J

4.3 mmm ��� XXX ÚÚÚ ��� ��� ��� ííí ëëë 666 ÅÅÅ ¡¡¡ ��� êêê
������[[[

du¢�^����, éu�íë6Åc��
�¢�6��UmÐ. ¤±, |^ê�©Û��{
©Û
XÚé�íë6Å¡���Uå, �±�
ë6��¢��^|mÐ�ÐO�. �S/«�

m 500 m Y²�íë6� Greenwood ªÇ fG ��
Ø�L 26 Hz[17]. XÚ�m��° f3 dB � 18 Hz,

Ïd, �âí�úª [18]

σ2 =
(

fG

f3 dB

)5/3

(5)

� �, ² m � X Ú � � � � Å ¡ í � � RMS

σ =
( fG

f3 dB

)5/6

=
(26

18

)5/6

rad = 1.36 rad.

|^�íë6Å¡��[�{ [19], �[
�
» D � 1.2 m, �í�Z�Ý r0 � 8 cm, Zernike �
ê� 136 ��Ì�íë6� ©Ù, (JXã 10(a)

¤«. Ù PV � 49.4 rad, RMS � 10.9 rad. �²
L TTM ���, ë6Å¡þ�oN�����Ø,

Ù PV C� 24.9 rad, RMS � 3.3 rad, (JXã 10(b)

¤«. �ë6� fG � 26 Hz, K²L LCOS ���,

í�Å¡� PV ü$� 9.4 rad, RMS ~�� 1.3 rad,

Xã 10(c) ¤«.

éuã 10(b), (c) Å¡, O�
�A�:*Ñ¼
ê, ¤�(JXã 11 ¤«. ��c, Uþ©Ñ, Strehl

'�k 0.025. ² LCOS ���, Uþà8, Strehl '
��
 0.225.

�âã 11 �:*Ñ¼ê, é�ý½*	8I
��c��ã�?1
�[. ²ë66Ä��ã
��¡�
, ©EØÑ?Û[!, Xã 12(a) ¤«;

���Xã 12(b) ¤«, �J'�²w, �±�Ù
/w�8I�Ó+, ��±©E8I�Ì�(�;

ã 12(c) ´*	8Iû�4��ã�. ±þ�[�
´3ë6� Greenwood ªÇ fG � 26 Hz, �¬g·
A1ÆXÚm��°� 18 Hz �¹e�(J, ��
Ä�lØ�!&ÿØ�!&ÿUþ��¡�Ï�.

ã 10 �[��íë6Å¡ (a) ��c; (b) ²L TTM ��; (c) ²L LCOD ��
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ã 11 ��c��:*Ñ¼ê (a) ��c; (b) ���

ã 12 �¬g·A1ÆXÚé�ý½*ÿ8I��[���J (a) ��c; (b) ���; (c) û�4�ã�

5 ( Ø

�©©Û
Åc� N�þ� 780 nm, �A
�m� 2 ms �¯�����¬� N�ìéë

6Åc���Uå. Äk, ÿþ
 LCOS �>1
�AA5, �ÑÙo�� N�þ� 1028 nm, ÷
v 780 nm N�þ��¦. Ùg, ÿþ
 LCOS � 
N�A5, ¿é� �A?1
�5z?n, ��
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 LUT. �X, �ï
4�Úm�g·A1ÆXÚ.

ÿþÑ
XÚ�4� 3 dB �°� 16 Hz, m� 3 dB

�°� 18 Hz. ��, ém��g·A1ÆXÚ�

�� 26 Hz �íë6�ê��[¢�. (JL²,

XÚ� Strehl 'd��c� 0.025 þ,�
���
� 0.225. ý½*ÿ8I�ã�3��c�¡�
,

Ã{©E, ²����±�Ù/©E8I�Ó+9
Ì�(�. Ïd, TXÚ�±é 30 Hz ±e��í

ë66Ä?1ûÐ���.

I��Ñ�´, g·A1ÆXÚ���Uå�
�Åc&ÿì�vª±9Åc��O��mk
'X. �©¤¦^�´vª� 500 Hz �MAùÅ
c&ÿì. �Jpg·A1ÆXÚ� 3 dB �°, Ø
=�ü$�¬� N�ì��A�m, ��¦þæ
^pvª�Åc&ÿì, Ó��Aü$êâ?nÚ
DÑ��m.
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Abstract

In order to increase the response speed of the liquid crystal phase modulator (LCPM), a new kind of fast liquid crystal material

is designed and synthesized, and a corresponding LCPM, called liquid crystal on silicon (LCOS), is fabricated. We test the phase

modulation of the LCOS and examine its wavefront correction ability on static and disturbed wavefront. First, the electro-optical

response is tested. The response time to a phase modulation quantity of 780 nm is 2 ms. Second, the phase modulation of the LCOS

is tested and linearized. Third, the 3 dB closed-loop and open-loop disturbance rejection bandwidths of the adaptive optics system

(AOS) are measured to be 16 and 18 Hz, respectively. Finally, the simulated correction of 26 Hz turbulence with the open-loop AOS

is conducted. After correction, the Strehl ratio increases from 0.026 to 0.225. Therefore, with our fabricated LCOS, the liquid crystal

AOS is able to correct the turbulence below 30 Hz.

Keywords: liquid crystal phase modulator, adaptive optics, wavefront correction, 3 dB bandwidth
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