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�¬31´¥Ú\��. �©ÏL�¬�m1N�ì\1LZ�õ�ª� ã, é�E
�1p¥d1»ßº|.
�{Úå���?1��. (Jw«: |^n�LZ�õ�ª�k��Ø1´¥d1»ßº|.�{Úå�¦�,

¦�Ó¼ 2 µm à�¯L�¥�
�1²fÝJp
� 40%; é'ØÓ������(Juy, �E
�1p¥d
�{Úå�¦��1Æ��Úå�����, �¬é
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�1p´3ü1pÄ:þuÐå5�!U
Ó�öpõ�âf�#.1p [1−3], 
�1p�±
ÏLõ«EâÃã5¢y, û�1Æ�� [3−5] ´
8c2�æ^�Eâ, §ÏLé\�ü1p1å�
�Ì!� ½�öÓ�N�)¤
�õ1². X�
 .�¬�m1N�ì (SLM) é\�1|�� 
?1N�, ÏL SLM )¤�
�1²äköp�
B!1²¢�Ä����`: [6,7], 3�NõN�
p�^ [8] ÚõN�p�^åÿþ [9] �+�kX
­�A^. Äu SLM �ï�E
�1²�'�´
�OÑ¯��� ¡�{ [10]. ~��{���©
�üa, �a´ÄuC��S��{, X Gerchberg-

Saxton �{ ({¡ GS �{)[10,11], Ñ\ - ÑÑ�
{ (IO �{), � ·Ü�{ (PMA �{)[12] Ú
 -

��{ [13] �; 1�a´Äu|¢4��`z�
{ [14], X:�)��|¢{ [15], �ÝFÝ�{, �

[ò»{ [16] ÚÄÏ¢D�{ [17] �. þã�{þ
U�O)¤�þ�Z�
�õ1²� ã, �"
:´�{Ñ��, Ã{¢yé
�1² ��¢
�N�. Ï~æ^1»ßº|�{ [18] (gratings and

lenses algorithm, {¡ GL �{) 5)¤
�1²�
 ã, §äkO��Ý¯!UC1² ��6Ä�
�`:, �÷vé
�1²�Ä�n�ö�I¦.

� GL �{�":´°ÝØ
p, ¤�O�� ¡
´én��¹�Cq [18], ù  ¬��1´¥�
���), l
¦�1²Å
¡u)ÆC, ?
K
�
�1²éâf�Ó¼�J.

�E1p¥�1Æ���¬±õ«/ª31
´¥Ú\��. X SLM �L¡�­¬Úå�Ñ�
��� [19]; 
ßº!��º�\óØ�!�í�
96Äò��1´¥�Å����); ¦^hE
Ôº�, À¡�YM�.¡m�ò�Ç���ò�
�1´¥�3¥����. SLM äk¢�¯�Þ
�� ¡�õU, 3\1�E1²� ¡�Ó��
�\1�A������ ã, å�Åc����
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^. �é�E1p¥d1Æ��Úå���, �ï
ó�ö®ÏL SLM �
�õïÄ. X Grier �|Ï
L SLM Ú\¥�!�Ñ����[
1´¥d1
Æ��Úå���é�E1²�K� [20]; Wulff �
K�Ñ SLM L¡�­¤Úå�Ì�����Ñ,

Ù¢�(JL²�Ø1´¥��Ñ�±k�Jp
�E1²�Ó¼�J, Ó�¢��uy�Xâfº
��O��Ñé1²Ó¼�J�K�ò~f [21];


 López-Quesada[19] Ú Bowman[22] �K?�Ú|
^ Shack-Hartmann Åc&ÿìé SLM Úå���
?1
°(&ÿ, ��ÏL SLM S�\1�A�
��� ã, ¢��¦� SLM ¥�3�����

k���

3�E
�1p¥, é�{Úå���?1�
�, éuJp1²�Ó¼�JÚ�z·�é�{A
5�@£ÑkX­�¿Â, kc©z�mk��.

����æ^LZ�õ�ª5Ðm, §´£ã��
Åc���8. �©[ÏL SLM \1LZ�õ�
ª� ãé�E
�1p¥d GL �{Úå��
�?1��. ¢�Äk|^ Z−1

3 �é1´¥d GL

�{Úå�¦�?1��; ¿Ò Z−1
3 �� Z0

0 , Z0
2

ü������(J?1
é'©Û, ¢��|
^ Z1

1 , Z−1
1 �é GL �{�
��LZ����

�, ¿©Û
Tü������(J.

2 �nÚC�

2.1 GL ���{{{999���EEE


���111pppCCC���

�©æ^ GL �{5�ï�E
�1p. 3
¯õ�O
�1²� ¡��{¥, GL �{ [18]

äk{ü�Ý¯, UC1² ��6Ä��`
:, §ÏLé�� �m ��ü1²� ã?
1U\��n5 )¤
�õ1²� ¡, �ü
1²�� ã�¹é1».Úßº|.ü«�
 ¡ � � O. Ù ¥ 1 » . � ¡ ä k a q u 1
» � ± Ï 5 � © Ù, ^ 5 N ! 1 ² � î � 
�; 
 ß º | . � ¡ K ´ é 1 ² � ¶ � �
?1�½. äN/, � ©Ù� φgratings(x, y) =
a(∆xxh + ∆yyh) �1».� ¡éÔº�:?�
1²¢y £� ∆x,∆y) �î� £, a�� '
~Xê, ���1ÆXÚ�¤�A59-1Å�
k', (xh, yh) ��E¡þ� ��I. � ©Ù

� φlens(xh, yh) = − k

2f(∆z)
(x2

h + y2
h) �ßº|.

� ¡K´é1²¢y¶� £� ∆z �ö�, k

�1ÅÅ¥, f(∆z) �Tßº|.� ¡���
�å, ���1²¶� £þ ∆z Ú1ÆXÚ�¤
�A5k'.  lÔº�: £� (∆x,∆y, ∆z)
�ü1²� ã�þãü«� ©Ù φgratings,

φlens �U\ φi = (φgratings + φlens)mod(2π). Ï
Lé�1²3�E¡þ�1|E�Ì uh,n U\,

=��
?¿�m �©Ù�
�õ1²� 

ã φh = arg
( N∑

n=1
uh,n

)
.

|^ SLM ��û�1Æ���¤��E
�
1p1´äk(�{ü!N!�B9û��Çp
�`: [23], ¢�1´ãXã 1(a) ¤«. ¢�æ^
d Nd:YAG -1ì (HPG-5000, ELFORLIGHT, 5 W,

CW, 532 nm) uÑ�� �Ä�pd15)¤

�o1² [24]. Ä�pd1� ���� SLM ¥
�¬©f��¶��²1, ±�y SLM é\� 
�1?1X� N�; SLM dO�Å��¿\1
dþã GL �{�O)¤�
�o1²� ã, X
ã 1(b) ¤«. ¢�¤^� SLM ���.�X�
 .�¬�m1N�ì [24,25] (Holoeyes, PLUTO),

��©EÇ� 1920 × 1080, 3 420—850 nm Å�
��S��� N�� 2π lÝ, �÷v¢�¤
^ 532 nm -1�� N�I¦. ¢��, l-1ì
uÑ�� �1Äk²ßº| f1, f2 *åÚ SLM

N��/¤
�o1²1å; N���1å2²
² ßº f3 à�dü¡ 45◦ ��ºÍÜ�w�
º (Olympus IX-70, JAPAN) ¥, ��ÏLpê��
»hEÔº (NA = 1.3, 100 �) �à�3Ù�²¡
þ/¤
�o1². Ó¼o��» 2 µm �à�¯
L�¥, ÏL CMOS �Å (DALSA 1.4 M100)[26] P
¹��ã 1(c) ¤«�¢�ã�, ã¥ T1, T2, T3, T4

�1²?Ò. ¢�¥�Åæ8ªÇ 50.0 Hz, üÜÍ
1�m 10 ms.

2.2 LLLZZZ���õõõ���ªªª���ÅÅÅccc���������nnn999������
������(((JJJ���uuuÿÿÿ

|^ GL �{�,�±¢y
�1²�Ä�n
�ö�, �":´1å²d GL �{�O�� ¡
N����þØ´�Z�, ùò��
�1²�Å
cu)ÆC
K�1²�Ó¼�J [18,27]. 1´¥
d�{Ú1Æ��Úå�ÆCÅc�^�X��
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��LZ�õ�ª��5|Ü5L«, ùQU÷v
é
�1²E,Åc� &E�£ã, Ó��ké
p�°Ý [28,29]. �SLZ�õ�ªÏ~L«�X
e���4�I/ª:

Zm
n (ρ, θ) =

 Nm
n R

|m|
n (ρ) cos(mθ), m > 0,

−Nm
n R

|m|
n (ρ) sin(mθ), m 6 0,

 ,

Ù¥,

Nm
n =

√
2(n + 1)
1 + δm0

, δij =

 0, i = j,

1, i 6= j,

 ,

R±m
n (ρ) =

n−m
2∑

s=0

(−1)s(n − s)!

s!
[n + m

2
− s

]
!
[n − m

2
− s

]
!
ρn−2s,

ª¥ ρ, θ �4�I¶, δij ��ÛS�ÎÒ, m,

n �LZ�õ�ª���ªÇêÚ»�ªÇê,

´�Nõ�ª�mªÇ�­�ëê, �÷v'X
ª n − |m| = even, m < n. LZ�õ�ªÏLV
ê¢Ú�Y Zm

n ?1I£, eI n �Lõ�ª�
�ê, þI m L«ù����. LZ�õ�ªL
«���, ��LZ���. n = m = 0, Z0

0 ��

~ê���. þãLZ�õ�ª|¤�����
��8, ¢S1´¥����´ù
���Ä¥¤
Ü Hilbert �m¥���¥þ. ±e�Ü©��»
�¼êÚ�E� ã. ã 2(a)�Ù¥Ê��»�¼
ê�8�z�» r �Cz­�; ã 2(b)�co�Ê
���E� ã, ã¥ôÚ��Ý�L� ���
�ØÓ.

3dLZ�õ�ªL«�ÆCÅc¥���
��3�ØÆCÅc¥�LZ���©þ. SLM

´�«Ä���, 3O�Å���eQU\1�E
1²� ¡, ��±\1����� ã
å�Å
c����^. ¤±3�E
�1p¥, ÏL SLM

\1Ü·��Xê���� ã�"-�1´¥
�A�LZ���©þ, l
¢yé�E
�1p
�����. Ï~$���´ÚåÅcÆC�Ì�
��, �©À� Z0

0 , Z0
2 , Z1

1 , Z−1
1 , Z−1

3 Ê�$�L
Z�õ�ªé
�1p¥d GL �{Úå���?
1��. Ù¥�
��Ð?m�����3XéA
'X [28], X Z0

2 �éA|­, Z−1
3 �éA¦��. �

������¢�3d Labview ?����§S
¥�¤.

� � � �� � � � � � � �� 	
 � � � �
 � � 
 � � 
 � �
� � � �� 	 � �

ã 1 �E
�1p�nã (a) �E
�1p1´ã; (b) 
�o1²��E� ã; (c) 
�o1²�âfÓ¼ã

uÿLZ�õ�ª����(J��{ké
õ [30−34], 1²fÝ´�N1²Ó¼�J�­�ë
ê, fÝ��K1²éâf�Ó¼�­½. 9$Ä
{äk�p�1²fÝÿþ°Ý [26,30], �¢�Ï

L9$Ä{ÿþ
�o1²�î�fÝ����
�Xê�Cz, 5½þ�N�������(J.

9$Ä{ [26,30] ¥, �â�¥31²¥�É�ÙK
$Ä�J���§�í�'Xª kx〈x2〉 = kBT ,
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Ù¥ x �1²î��I, �I�: u1²¥%,

kB �À�[ù~ê, ¤±ÏLÚO�¥þ� 
£ 〈x2〉 ÚÿþM�§Ý T , ���1² x ��þ
�fÝ kx; Ón�� y ��þ�1²fÝ ky

[35].

¢��M�§Ý T �¿§�. 1²¥�¥;,|

^ CMOS �Å [24,26] Jl, �¥�I �KÏL
�'$�ã�©Û{ [27−29] 5?1©Û. �
�
y�¥þ� £ 〈x2〉 �ÚOO(5, �Å3z�
��Xêeæ8 1000 Ì
�o1²��¥Ó¼
ã�.� � �� � � �� � � �� � � �� ��� 	
��
 � � � � � ��� � � � ��� � � � ��� � � � ��� � � � ��� � � � � � �� � � � � � � � � �  � �! � �! � ! !� �� � � � � � �� �� � � � � � �" � #

" � #
ã 2 LZ�õ�ª�»�¼êÚ�E� ã (a) Ù¥Ê�LZ�õ�ª�»�¼ê�Cz­�; (b) co�Ê�LZ�õ�
ª��E� ã

3 ¢��(J©Û

¢�À� Z0
0 , Z0

2 , Z1
1 , Z−1

1 Ú Z−1
3 Ê�LZ

�õ�ªé�E
�1p¥d GL �{Úå��
�?1��. �����Xê��� −20 � 100,

¢��z 10 �ÝN!�g, ¢�§Ý� 26 ◦C. Ï
L SLM �1´¥\1ØÓ��Xê�LZ���
� ã. I��Ñ�´, ¢�¥d GL �{)¤�
o1²�m �´é¡�, ��é�1²�K�§
Ý�C, Ï
�������(J��*/�N1
´¥�éA��é
�1²�K�. ����(J
¥, ��©O3Ù�Z��Xê?kX�Z���
���J, T�é1²fÝ�JpÌÝ��, L²
1´¥�A�LZ���é
�1²�Ó¼�J
K���.

3.1 Z−1
3 ���������ddd GL ���{{{ÚÚÚååå���¦¦¦���

ü1p¥�1²�� u1¶þ�Ôº�:
?, ��ØÓ�´, 
�1p¥�1²õ©Ñu1
¶NC, ù¦�
�1²N´É�1´¥�¦�!
�Ñ�¶	���K� [20]. Z−1

3 ��¦��éA,

¢�ÄkÀ� Z−1
3 �é
�1p¥�U�3�¦

�?1��, (JXã 3(a) ¤«. ã¥ X ¶� Z−1
3

����Xê a3-1, Y ¶��1² X , Y ���f
Ý²þ�, 
­� 5 KL«o1²�fÝ²þ��
��Xê�Cz. z���Xêe�o:�L�g
¢�(J; X ¶å©?�fÝ���������
o1²fÝ.

lã 3(a) �±wÑ, �X��Xê�O�, 

�1²�fÝ���Jp, �
��1²fÝ�
��Xê�Cz'X�C. �Xê 80 �, 
�1²
�fÝ²þ����. �â­� 5, é'��Xê
� 80 Ú�?1������1²fÝ²þ���,

Z−1
3 �3Ù�Z��Xê 80 ?¦�
�1²�f

ÝJp
� 40%. ù`²�E
�1p1´¥�3
X�î­�¦�. e¡©Û1´¥¦��5
. �
E
�1p1´¥�3Xü«¦�5
Ï�: 1Æ
��Úd GL �{�O�
�1²� ¡. kc©
z®�Ñ, SLM �L¡�­¬31´¥Ú\¶	�
� [20], �ù
¶	��Ì���Ñ [21], 
Úå�
¦�±9Ù¦p����¤Ó�'­é�, ÙK�
�±�Ñ [21]. Ïd(Ü�¢����(J��, 1
´¥�¦�AT5gd GL �{�O��E� 
¡, �¦���3é
�1²�Ó¼�J�)
�
�K�.
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3.2 Z0
0 , Z0

2 ��� ��� ��� 111 ÆÆÆ XXX ÚÚÚ ¥¥¥ ��� ¥¥¥ ���
ÚÚÚ������

Ï~1pC�¥dÀ¡ÚYM�.¡ò�Ç
��Úå�¥�!����¬é1²�Ó¼�J
�)��K� [36]. 3�E
�1p¥, �
'�
d GL �{Ú1ÆXÚÛ�ü«Ï������
é
�1²�K�, ¢�q|^ Z0

0 , Z0
2 ü�é1

ÆXÚ¥dò�Ç��¤Úå���?1��,

Z0
0 ������(JXã 3(b) ¤«. dã��,

3 Z0
0 ����e, 
�o1²fÝ���Xê

�Cz�Ä��±��; �Xê� 100 �o1²

�fÝ����, d­� 5 �� Z0
0 �¦�
�1

²�fÝ��
k�Jp. Z0
0 �~ê���, Ù

�Z��Xê� 100 L²1´¥�3X�î­�
K Z0

0 ��. �â��¼ê©Û�� [36], ùÌ�
´dÀ¡ÚYM�.¡�ò�Ç��¤Úå�1
Å
¡�K� £ÄE¤�. ��ªÇêÓ� 0

� Z0
2 ����´é1´¥d1ÆXÚò�Ç��

Úå���?1��, Ù����(J� Z0
0 ��

q, Ó3��Xê 100 �
�1²fÝ����.

3dØ2�Ñ Z0
2 ������(J­�, ã 4 �

Ñ
3T����^e�
�o1²fÝ²þ�
Cz.

ã 3 ����(J (a) Z−1
3 �; (b) Z0

0 �

� � � � � � � � � � � � � � �� � �� � �� � �
�	
 ��	 
�� � � �� � �� � � �

ã 4 Z−1
3 � Z0

0 , Z0
2 n���e�1²fÝ²þ�Cz­�

3.3 Z−1
3 ������ Z0

0 , Z0
2 üüü������������������(((

JJJ'''���

e¡'� Z−1
3 �� Z0

0 , Z0
2 ü������

(J, òþãn��o1²fÝ²þ��Cz­
�±uã 4 ¥. dã��, 3 Z0

0 � Z0
2 ü���

�eo1²fÝ²þ������Xê�Cz'
X�C, Tü�kX�q������J; � Z0

0

�����J`u Z0
2 �. Ó�é' Z−1

3 �� Z0
0

������(J��, Z0
0 �3��Xê 100 �

��Ì�Jp
�1²fÝ, kX�Z����
��J; 
 Z−1

3 �� Z0
0 ���, 3Ù�Z��X

ê 80 ?��±Ó��ÌÝ�Jp
�1²fÝ,

ù`²
�1p¥d GL �{Úå�¦�Ú1Æ
XÚ¥dÀ¡�YM�.¡�ò�Ç��Úå�
¥������, Ñ¬é
�1²fÝ�)��
§Ý�K�, ¦�
�1²�Ó¼�JC�. 
Ï
L SLM \1 Z−1

3 ����� ã�±k��Ø
1´¥�¦�, Jp
��1²fÝ. Ó�ù�`
²
3\1����� ã�, d GL �{)¤�

�o1²� ¡�5U��
`z. ùéu·
�3?1� ¡��{�O�, ÏL\1��� 
ã��±�Ä��é�{5U?1`z��^k
�å».
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3.4 Z1
1 , Z−1

1 ��������� GL ���{{{���������LLLZZZ
���������

Z1
1 Ú Z−1

1 ������LZ���, �Ð?
��¥�ÆC�éA, �Kþ�¬é©Ñu1¶
NC�
�1²�)K�. ¢�2gÏL SLM \
1 Z1

1 , Z−1
1 ü����� ãé GL �{?1��

LZ�����, ¢�(JXã 5(a), (b) ¤«. ã¥
­� 5 ��o1²fÝ�²þ�Cz.

lã 5(a) �±wÑ, Z−1
1 �¥�1²fÝ��

�Xê�CzÓÚ, �åÏØ�!Ã²w�fÝ4
��Ñy; 3ã 5(b) ¥, Z1

1 ��,U3��Xê 20

?�ÌÝ�Jp
�o1²fÝ, �d­� 5 ØJ
uyT�é1´¥��������^�,ék

�. Ï
�âþã(J��, Z1
1 , Z−1

1 �ØUk�
Jp
�1²�fÝ. Ó���Ä Z1

1 Ú Z−1
1 ü�

���� ã´����Ú\1´�, 1²fÝ�
u)²wUC�L²��LZ���é
�1²
Ó¼�J�K��±�Ñ. T(J«OuÏ~��
é1²Ó¼�JK�����/, äk�½��~
5, �ù3�E
�1p¥éu�{�����%
kXAÏ¿Â, e¡5�{�`². dþã(J�
�, 1´¥�U5gu
�1²� ¡���LZ
���Ø¬é1²�Ó¼�J�)��K�, 
ù
l,��¡��N
d GL �{�O)¤�
�1
²�±éÐ/-|5g1´¥���LZ���
Z6, Ïd GL �{éu��LZ���äk°�
5 (robustness).

ã 5 ����(J (a) Z−1
1 �; (b) Z1

1 �

4 ( Ø

|^ SLM \1LZ�õ�ª� ã, é�E

�1p¥d GL �{Úå���?1
��. æ
^9$Ä{ÿþ1²î�fÝ���Xê�Cz
5�N�������(J, ¢���¿©Û
Ê
�LZ�õ�ª�����(J. (Jw«, GL �
{¬���E
�1p1´¥�)�î­�¦�,


|^ Z−1
3 ��±k��Ø1´¥�¦�, Jp


��1²fÝ, fÝJpÌÝ�� 40%. �
�²
d GL �{Úå���é
�1²Ó¼�J�K
�§Ý, ¢�q|^ Z0

0 , Z0
2 ü�éd1ÆXÚÛ

�¤Úå���?1��, ÏL'� Z−1
3 ��Tü

������(Juy, 1´¥d GL �{Úå�
¦�Ú1ÆXÚ¥dÀ¡ÚYM�.¡�ò�Ç

��Úå�����, �¬��§Ý/K�
�1
²éõâf�­½Ó¼. Ó�3|^ Z1

1 , Z−1
1 ü�

é GL �{?1��LZ������¢�¥, d
¢�(J©Û�� GL �{éu��LZ���ä
k°�5.

dþãLZ�õ�ª�����(J��, Ï
L SLM \1��� ¡é�E
�1p¥d�{
Úå���?1��äk­�¿Â: ù��¡�±
ÿÐ·�é�{A5�@£; ��­��´�±U
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�1²�Ó¼�J. ù
¿�X3�E
�1p¥|^�$õÇ�-1=
�¢yéõ��*âf�­½Ó¼, l
~�
p
õÇ-1éÓ¼âfcÙ´)Ôâf�ú³, 
ù
Ã¦¬kå�r?�E
�1p3�NõN�p
�^�+�¥mÐ�\2�
Lk¤��A^.
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Abstract

Aberrations will degrade trapping performance of optical tweezers. In the holographic optical tweezers, aberrations originate not

only from optical elements but also from holographic phase hologram of optical traps designed by a certain algorithm. We utilize a

spatial light modulator to imprint Zernike polynomials phase hologram for correcting some certain aberrations in holographic array

optical tweezers which are caused by grating and lens algorithm. The results show that third-order Zernike term can effectively correct

coma due to the algorithm in the optical train, and the trap stiffness for 2 µm microns diameter polystyrene beads can reach 40%.

Further comparison between different Zernike term aberration correction effects demonstrates that coma caused by grating and lens

algorithm in the holographic array optical tweezer has the same serious influence on tweezer trapping performance as the aberrations

originating from optical elements. Meanwhile, based on first-order Zernike term aberration correction results it can be obtained that

grating and lens algorithm are robust with first-order Zernike aberrations. The correcting of aberrations for algorithm in holographic

optical tweezers has great significance for improving the tweezer trapping performance and deepening the understanding of specific

algorithm.
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