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1 Ú ó

É�u��5�A!9�ú�ÔnÅ�, 3J
pü�1nõÇ�Ó��±1å�þ�©(J. 1
n-1��ZÜ¤´Ó�¼�p1õÇÚp1å
�þ�k�Ãã, ®¤�-1Eâ+��ïÄ9:.

ÄuÌ��õÇ��ì(��ÌÄªÜ¤�Y´
1n-1�ZÜ¤�Ì6�ª�� [1−6]. IS�ï
Äìè®¢y
 kW þ?�1n-1�ZÜ¤, �
©z���1n-1�ZÜ¤�põÇ [6]. �
Ä��Z|å�ålDÑ�¬É��íë6�K
�, �k7�Ö�1åm�����, {Iº�ï
Ä¢�¿� Vorontsov �ï�
Ñ�1å����
��g·A1n1O�ì (Adaptive Fiber Optics

Collimator, AFOC), ¿Äg¢y
�ZÜ¤¥²£
������Ó�Ö� [7]. ¥I�Æ�g·A1Æ
:¢�¿ï�
�«�Ó�N�1§Ú1å�
��g·A1n1O�ì, |^�|?�1>&
ÿì, ¢y
n´1nDÑ-1�ZÜ¤¥²£Ú
�����Ó��� [8,9].

1n-1��ZÜ¤8cõÊ33¢�¿�

ã, -1�DÑåléá (���A�), �I�3
�|��&ÿì [1−6]. éõ¢�A^¥I�¢y-
1�ålDÑ�38Iþ�ZÜ¤, Ã{|^8I
à�&ÿì. 8I3£´Eâ [10−16](Target-in-the-

loop, TIL) ´�«k��)ûå». TEâ¥, 1
&Ò&ÿì uu�C�NC, ÏL�Â�|8I
�£1&Ò, ±¤��ßÝ!�Â1Uþ���5
U�I, |^`z�{��Åc��ì, ¼��C
n��1å���J. TIL EâcÙ·Ü-1��

¥�� ��, k"3-1½�UXÚ!-1�
a!gd�m1Ï&�+���A^.

8c, ò TIL EâA^u1n-1�ZÜ¤�
��Øõ, k�
nØïÄ�´�éü�»1å�
DÑ¯K [12−14]. 2008 c, {I�Ê¢�¿� Bour-

don �^õËÄ{Äg¢y
Äu8I£1�n´
1n-1�ZÜ¤ [15], �T¢�vk��1åm
�����. Ù�, {I��ïÄ¢�¿� Shay Ú
{Iº�ïÄ¢�¿� Vorontsov �3 2010 c�
�*��-11Æ¬Æþ©O��
�g'u TIL
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 TIL Ôn�., |^�Ó�N�1§Ú1å��
�g·A1n1O�ì, Äg¢y
Äu8I3
£´�n´1nDÑ-1�ZÜ¤¥²£Ú��
���Ó�Ö�, �3�í�¸¥¢yõ´�Z|
å��ålDÑJø
ë�.

2 Äu8I3£´��ZÜ¤�n

8I3£´�ZÜ¤��.Xã 1 ¤«. ÙÔ
nL§�^ 4 �Ú½£ã: (1) u�1å
� (1|
� U0) ²�íDÑ��8Ià (1|� U1); (2) 8
Ià��|1���Ñ� (1|� U2); (3) Ñ�1

²�íDÑ��¤�àßº�cL¡ (1|� U3);

(4) ¤�u&ÿà (1|� U4). Ù¥, ¤�à uu
�àNC, &ÿì�u¤�à���¡.

3u�à, z´1�Lã�:

usub(rsub) = exp
(
− |rsub − r0sub|2

a2

)
× exp

[
jksub · rsub + jδpiston

sub

+jσtilt
sub(rsub)

]
× circsub(rsub), (1)

Ù¥, a ����», r0sub �f1å¥% ��I,

ksub �f1åÅ¥, δpiston
sub �f1å²£��, σtilt

sub

�f1å����, circsub �f1å��»¼ê.

ã 1 8I3£´�ZÜ¤Ôn�.

u�1å
��

U0 =
N∑

sub=1

usub, (2)

Ú½ 1 Ú 3 �-1�íDÑL§, ÷vC¶CqI
þÅÄ�§, =

2ik
∂

∂z
u(r, z) + ∆u(r, z) + k2

(n2

n2
0

− 1
)
u

+ikαt(z)u(r, z) = 0, (3)

Ù ¥, u(r, z) � 1 Å ¼ ê, k � Å ê ¶n(r, z) =

n0 + n1 ��íò�Ç, n0 ��É6Ä��íò�
Ç, n1 ��íò�Ç6Äþ; ∆ = ∂2/∂x2+∂2/∂y2,

αt ��í�1Xê; z ¶L«1åDÑ��.

3Ú½ 2 ¥, 8Iàé�Zì²1�rÝû�
�. éTL§�æ^3 U1 þ�\pd.��Å�
 Ú���¡ T (�N8I/G! �!���&

E) ��ª?1£ã [17], =

U2 = U1 exp(iψrand) · T, (4)

Ù¥, ψrand �pd.�Å� .

éuÚ½ 4, 8Ià�@� uÃ¡� (�
u 1 km), K8Ià1���Ñ u¤�à���
¡þ, ��âßº�Fp�C�5��� U4, =:

U4(x4, y4) = c′ exp
(
jπ

x2
4 + y2

4

λf

)
F

{
U3(x3, y3)

}
fx=x4/λf,fy=y4/λf

, (5)

Ù¥, c′ �~êÏf, λ �Å�, f �¤�ßº��
å, F{ } L«Fp�C�.

&ÿà�1r©Ù�L«�

I4(x4, y4) = |U4(x4, y4)|2. (6)

��/, À���Uþ (Power-in-Circle, PIC)
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���{µd�I:

PIC =
∫∫

S

I4(x4, y4)dx4dy4. (7)

�â�{µd�I, ²£�Ú�����, f
1å�� ?��

exp
[
jksub · rsub + jδpiston

sub -jδphase-locked
sub

+jσtilt
sub(rsub) − jσtilt-control

sub (rsub)
]
, (8)

Ù¥ δphase-locked
sub �²£����þ, σtilt-control

sub

(rsub) �������þ.

�d, �¤
4���, ¢y
õ´-1DÑ
�3�|8Iþ��ZÜ¤.

3 ¢�XÚ

3.1 ²²² ���

Äu8I3£´�n´1nDÑ-1�ZÜ
¤Xã 2 ¤«. «f1�ü��  He-Ne -1,

²©åì�, òÙ¥�n´ë�� AFOC 
� (¬
i.ü�), n´-1O�ÑÑ. �|C�ßº (ß
º 1) òÑ�1åà�, �å� 1000 mm. Ü¤1å
²©1cº©1, �å��8Ià�x�û��
¶, �å²w�Ôº (10×) �� CCD ^u*	. 8
I¶þ��|1���Ñ�, ²ßº (ßº 2) ¤�
�u�C�NC� CMOS �Å, ±�� PIC ½Â

5U�I. XÚæ^�Å¿1FÝeü (SPGD) �
{ [5,7,9], �â5U�I�)n´£�&ÒÚ8´
����&Ò, �� AFOC 
�¥�£��¬Ú�
����¬, �¤4���, 38I¶þ¢y�Z
Ü¤. I�rN�´, 3�íDÑ�¸¥, ßº 2 �
�»A�u�í�Z�Ý r0, ±�yXÚ¢y8I
¶þ��ZÜ¤. �©¢�¥��í�¸'�w·,

¤^�ßº 2 �»� 75 mm.

3.2 ggg···AAA111nnn111OOO���ììì

¢�^� ��ì���«�Ó�N�1§
Ú1å���g·A1n1O�ì, �)
£�
�¬������¬, Xã 3 ¤«. 1nà¡�½
u�iù¥%, 3O�ßº��²¡S²£, -1
O�ÑÑ. £��¬: Ø>æ°Äìó��, u z �
��\>|, Ø>æ°Äì��þ� �ÄO�ì
�¶��Ó��$Ä, N!1§, 1§UCþ�u
Ø>æ°Äì�� Czþ ∆L. �����¬:

VØ>°Äìó��, 3 x(½ y) ���\>|, ü
Ø>¡�¡���¡ á, °Äì3 x(½ y) ��
�, °Ä�iù, �Ä1nà¡3O�ßº��
²¡S²£ ∆x, Ñ�1���þ��� ∆x/f , Ù
¥ f �O�ºÞ�å.

ã 2 Äu8I3£´�n´1nDÑ-1�ZÜ¤«¿ã
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² ÿ Á, T ì � � 1 § N ! � � 3 ±1 µm

� m, 1 å � � þ N ! � � � ±75 µm/f =

±1 mrad(O�ºÞ�å f = 75 mm), £��¬
�1����ªÇ� 1.8 kHz, �����¬�1
����ªÇ� 800 Hz.

3.3 ������üüüÑÑÑ

XÚ��üÑæ^ SPGD `z�{, ÷FÝ�
�|¢5U�I����. CMOS �Å uu�à
NC, �Â8I�£1, ±���{�5U�I, �
%��{�1�1�vã���%. �â����
Ú£��ØÓA5, I�k�é5/À�����
». e¡&?3����Ú£�L§¥, XÛÜn
/À����».

b�k�����, CMOS �Åþ�1�X
ã 4(�) ¤«. ÀJ 3 «���'�, �%Ñ��{
�1�1�vã���%. �� 1 ��»é�, Ø
�¹n�1��?�Ü©, SPGD �{�\�Å6
Ä���S�oUþØC, �{ØU�OFÝ��

�; �� 2 ��»�uü�1���», CX
n
�1���Ü©, ù� SPGD �{�\��Å6Ä
¬UC��S�oUþ, l¼�FÝ���&E;

�� 3 ��»é�, òn�1����3Ù¥, ù
� SPGD �{�´Ã{|¢�FÝCz�. ¤±,

^ SPGD �{�����, ��S7L�¹z�1
��&E. 3��
�����, Xã 4(m) ¤
«, �� 1 é�����Czé¯a, �±�y�
{Uk��1, �´�����Cz���, �{
N´�; �� 2 é���UC��¯a, �{�
±k�/ó�, �����Czì��, Ù���
�EUCX1���Ü©, �{è5�Ð; �� 3

é���CzØ¯a, �{Ø½. Ïd, ����
�4����»�uü1��»��Ü·. ã 5(a)

�������c CMOS �Åæ8��üvÑ�
ã�, ü�1���»� 40 ���. ²ÿÁ, ¢�
¥ÀJ�» 40 ������������5U�
I (Jtilt) �, �{U�Ð/Âñ, d����»�u
ü1���».

ã 3 �Ó�N�1§Ú1å���g·A1n1O�ì
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ã 5(b) ��������, CMOS �Åæ8�
�üvã�. dã��, 1�l¥%�	�FÝC
zØ´AOwÍ, ÏdI�ÜnÀJ£�����
».

��������, ÿÁ
ØÓ���»�5
U�I�Cz�, z^��¹ 2000 �êâ, l

¥��
���Ú���, XL 1 ¤«. dL 1 �
�, ����»�u 10 ����, 8�z5U�
I����Ñ3 0.9 ±þ, ù�^ SPGD �{¢y
£�´�©(J�. �¢�¥, À����%?U
þ (=¸�Uþ) �£�5U�I Jpis.

ã 4 �����, À����»�«¿ã

ã 5 ������c�, CMOS �Åæ8��üvÑ�ã� (a) ��c; (b) ���

L 1 �������, ØÓ���»�5U�I�Cz
hhhhhhhhhhhhhhhh

5U�I ���» 1 �� 2 �� 5 �� 10 �� 20 �� 40 ��

��� 70 246 1366 4495 17325 53686

��� 32 144 1040 4054 15910 49793

8�z��� 1 1 1 1 1 1

8�z��� 0.46 0.59 0.76 0.9 0.92 0.93

£��������{6§�Ó. ±£��~,

SPGD �{�S�L§�:

(1) ò U = {u1, u2, u3} �^u£��¬, ��
5U�I Jpis(U);

(2) �Å)¤�|Ëã|©Ù���>Ø6
Ä ∆U = {∆u1,∆u2,∆u3};

(3) ò U+ = U + ∆U �^u£��¬, ��
5U�I Jpis+(U+), 2^ U− = U − ∆U ��5
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U�I Jpis−(U−);

(4) ò£�&Ò�#� U = U+γp∆U(Jpis+−
Jpis−), ?\e�gS�.

Ù¥ γp = {γp, γp, γp} ��{OÃ.

4 ¢�(J

¢�¥ CMOS �Å�v�� 75 v/s, SPGD �
{�S��Ç� 25 Hz. 3S·�¢�¿�¸¥
©O?1
Äu8I3£´�1åm�����
�!1åm²£����, ±9²£Ú�����
Ó����¢�.

ã 6 ´=��1åm�����5U�I Jtilt

�S��. ã 6(a) �,�gS��(J. ã 6(b)

�ÊgS��²þ, ²L� 200 gS��Ð©�
������, ����5U�Idm��� 0.79

(²þ�) J,�4��� 0.98 (²þ�).

ã 7 ���Ð©�����, =��²£��
�, £�5U�I Jpis �S��. ã 7(a) �,�
gS��(J. ã 7(b) �ÊgS��²þ, � 50 g
S�=�¢y£�, £�5U�Idm��� 0.84

(²þ�) J,�4��� 0.97 (²þ�).

ã 8 ´ CCD &ÿ��|1� 400 s �Í1ã.

ã 8(a) �m�, dã��, |åmUþØ�Ó, ��
3XÐ©���� (� 200 µrad ±S), 1���Ý
¸�� 61; ã 8(b) ´=��������/, 1�
8¥, �ã��
, �Ý¸�J,� 120; ã 8(c) �
Ó�£�¿������/, 1�8¥, ^«é'
Ý�C 1, �Ý¸���
 241, �m��� 4 �,

ã¥�J�I«
1����� �, �ã 8(d) �
'vk	���´du CCD ����ÏE¤�;

ã 8(d) �n��¹, ã¥�J��ã 8(c) �Ó. ²
£�¿�����, ¢�¼�
�Cn��¹��
ZÜ¤�J.

ã 6 =������� Jtilt �S�� (a) ,�gS�; (b) ÊgS��²þ

ã 7 ��Ð©�����, =£�� Jpis �S�� (a) ,�gS�; (b) ÊgS��²þ
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ã 8 �|1�� 400 s �Í1ã (a) m�; (b) =����; (c) Ó�£�¿����; (d) n��¹

5 ( Ø

8I3£´Eâ´¢y�Z|å�ålDÑ
�k��{, �´òTEâA^u�ZÜ¤�nØ
ïÄÚ¢�ÑØõ. �ó�Äg¢y
Äu TIL �
1nDÑ-1�ZÜ¤¥²£������Ó�
Ö�, ¸�õÇ�Ý�m��J,
 4 �. ¢�L
², |^8I�£1�±3�|¢y1åÜ¤, l
{ø
3�|��&ÿì���. �´, TEâ
l¢^�k�ã´�r. Äk, �
�y38Iþ
¢yÜ¤, Ñ�1£§�, ¤�ßº��»É��

í�Z�Ý���, lK�
&ÿì�Â�1r
ÝÚ©EÇ; Ùg, du SPGD �{�S�A5, �
�ÑÄ�D(ÒI��ÌÝ/JpXÚ���°,

8I3£´EâU¢y���DÑål¬É�
XÚ���°���, 'uù�¯KI��[/ï
ÄÚ&?.

I�AO�Ñ�´, �¢�¥æ^�´DÑ1
n�õÇ��1n, �ö3� D(�A5þk
Xé�ØÓ, �¿ØK�é8I3£´Eâ��Y
�y. 8�, ò�õ TIL �., ?1�'nØïÄ,

¿3�í�¸e?1�ålDÑ��ZÜ¤¢�.
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Experimental investigation on coherent beam
combination of a three-element fiber array

based on target-in-the-loop technique∗
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1) ( The Key Laboratory on Adaptive Optics, Chinese Academy of Sciences, Chengdu 610209, China )

2) ( Graduate University of Chinese Academy of Sciences, Beijing 100049, China )
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Abstract

A kind of target-in-the-loop (TIL) technique which promises the coherent combination of multi-element laser beams in far field

is experimentally demonstrated. The physical model of coherent beam combination (CBC) based on TIL is established. A kind of

adaptive fiber optics collimator correcting piston and tip/tilt errors simultaneously is employed to compensate phase errors between

beamlets. The CBC of a 3-element fiber array based on TIL is successfully achieved and a perfect effect of CBC is captured. In this

paper, we present a reference for long-distance transmission of multi-element coherent beams in real atmospheric environment.

Keywords: fiber array, coherent beam combination, target-in-the-loop, adaptive fiber optics collimator
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