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ïÄ
ü1å�Ü¤�ª (�ZÚ��ZÜ¤) éÐ¼7áa|âf�Ë�åÚ½5�K�, XïÄ
Ë
�å�Ü¤�ª!l¶ål!�ZëêÚâf�»�'X. (JL², ØÓÜ¤�ªe, l¶ålÚ�ZëêÑ©
O�3�.� dc Ú αc, 3 0 < d 6 dc ½ 0 < α 6 αc �, �¡?1r¥apd©Ù, d�î�FÝåU��£Eå
Jø½²ï:; 3 d > dc ½ α > αc �, �¡?1r¥¥%]�©Ù, d�î�FÝåØU��£EåÐ¼7á
a|âf. 3 0 < d 6 dc �, ���ZÜ¤1å'�, �ZÜ¤1å3�¡?1r!Ë�å!Ð¼f5Úp�Ð¼
����. Ïd, ·�ÀJÜ¤�ª, ��l¶ålÚ�$�Zëê�k|uÜ¤1åé7áa|âf�Ð¼.

'�c: 1ÆÐ¼, Ë�å, �ZÚ��ZÜ¤, 7áa|âf

PACS: 42.25.Kb, 42.65.Jx

1 Ú ó

1ÆÐ¼ (�¡1p), §´ò1åà�¤��
þ?�1�, |^1r�Ë�å½/Ð¼�â�
Eâ. gl 1970 c Ashkin |^à�1å�Ë�å
Ð¼Y¥�Àæ�â±5 [1], 1ÆÐ¼ù«��>
ª�A:®¤�ö�B�?âf�kåÃã, Ð¼
��®dý�a|âfò��7áa|âf [2,3].
8c<�3nØÚ¢�þéý�a|âf�Ð¼
Úö�®�
�õïÄ, ~X¦^à��l�1
å!�%pd1å!óÀpd1å!pd��1
åÚÜ©�Z²º1å�Ë�åÑ�Ð¼Úö�
ý�a|âf [4−9]. ,��¡, 7áâfduzÆ
¹5�p, ´�[�(Ü, �L¡kéÐ�xz�
J, Ïd7áâf�Ð¼Eâ��u�. �ý�
a|âfØÓ�´, 7áa|âfduÙE0>~
ê�JÜØ�", ùò�)��Ñ�å�'[�1
n«å —– áÂå, Zhan �ïÄL²»� �1
�é7áa|âf/¤k��1ÆÐ¼ [10]. ��
?�ÚïÄ�¯K´, �DÚ�ü1å1ÆÐ¼�
', |^Ü¤1åUÄ½Ð¼7áa|âf. �
©¦^üål¶�Ü©�Z²º1åU\¤�
�ZÚ��ZÜ¤1å, ±7�~, éÜ¤1å�
^u7áa|âfþ�Ë�å (�)FÝå!Ñ�

åÚáÂå) �
©Û, XïÄ
Ë�å�Ü¤
�ª!l¶ål!�ZëêÚâf�»�'X, ¤
�(JéÜ¤1åÐ¼Úö�7áa|âfkA
^¿Â.

2 Ü¤1å�1r©Ù

�²º1åÏL�u z = −f ?��å� f

�ßº.  z = −f ?�1|©Ù3Î�IXe�
�� [11]

E(r, z=−f)=E0

N∑
n=1

(−1)n−1

N

(
N

n

)
exp

[
−nr2

w2
0

]
,

(1)
ª¥, E0 �8�zÏf; w0 �å�°Ý; N �²º
1å��ê (N = 1, 2, 3, . . .), r = (x, y).

b½1å�õÇ� P , Kk [12]

P =
∫ +∞

0

I(r, z = −f)dr, (2)

I(r, z = −f) =
nmε0c

2
|E(r, z = −f)|2 , (3)

ª¥, I(r, z = −f) ´ z = −f ?1r; nm ´±
��¸ò�Ç; ε0 ´ý�0>~ê; c ´ý�1�.
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ò (1) Ú (3) ª�\ (2) ª, ��8�zÏf

E0 =
{

2P

/[
nmε0cπw

2
0

N∑
n=1

N∑
n′=1

(−1)n+n′

(n + n′)N2

×
(

N

n

)(
N

n′

)]}1/2

. (4)

Ú\���'�, Ü©�Z²º1å3 z =
−f ?��Ì�Ý [8]

W0(r1, r2, z = −f)

= |E0|2
N∑

n=1

N∑
n′=1

(−1)n+n′

N2

(
N

n

)(
N

n′

)

× exp
[
− nr2

1 + n′r2
2

w2
0

− (r1 − r2)
2

σ2
0

]
, (5)

ª¥, σ0 ´�'�Ý [13].
�Äü²1����Ü©�Z²º1å3

 z = −f ?�Ü¤. �{üå�, �ü1åëê
�Ó, Ù¥%Ñ u x ¶þ, l¶ål� d(d, 0),
d = dx/λ > 0, dy = 0, Ù¥ dx Ú dy ©OL«1
å¥%3 x Ú y �� l�:�ål. 3d, ©
�ZÚ��ZÜ¤ü«�¹?Ø, ¿^�I “coh.”
Ú “incoh.” ©OL«�ZÜ¤���ZÜ¤.

2.1 ���ZZZÜÜÜ¤¤¤

b½üål¶�Ü©�Z²º1å´���
'�, Ü¤1å3 z = −f ?��Ì�Ý� [14]

Wcoh.(r1, r2, z = −f)

=
1/2∑

l1=−1/2

1/2∑
l2=−1/2

W0(r1−2l1d, r2−2l2d, z=−f).(6)

Ü¤1åÏL ABCD 1ÆXÚ3?¿ z ?�
��Ì�Ýdúª

Wcoh.(r1, r2, z)

=
(

k

2πB

)2 ∫∫
Wcoh.(r′

1, r
′
2, z = −f)

× exp
{
− ik

2B
[A(r′2

1 − r′2
2) − 2(r1r

′
1 − r2r

′
2)

+D(r2
1 − r2

2)]
}

dr′
1dr′

2 (7)

û½. ©Or (5) Ú (6) ª�\ (7) ª, ���

Wcoh.(r1, r2, z)

=
(

k |E0|
2B

)2 1/2∑
l1=−1/2

1/2∑
l2=−1/2

N∑
n=1

N∑
n′=1

(−1)n+n′

N2

×
(

N

n

)(
N

n′

)
exp

{
− ik

2B
[(r1 − 2l1d)2

− (r2 − 2l2d)2]
}

P−1
1 P−1

2

× exp
{
−k2(r1 − 2l1d)2

4P1B2

+
[T1(r1 − 2l1d) − T2(r2 − 2l2d)]2

4P2

}
, (8)

ª¥

P1 =
n

w2
0

+
1
σ2

0

+
ikA

2B
,

P2 =
n′

w2
0

+
1
σ2

0

− ikA

2z
− 1

P1σ4
0

,

T1 = ik/(σ2
0BP1), T2 = ik/B, (9)

k �Åê, �Å� λ 'X� k = 2π/λ.

2.2 ������ZZZÜÜÜ¤¤¤

é��ZÜ¤, Ü¤1å3 z = −f ?��
Ì�Ý�

Wincoh.(r1, r2, z = −f)

=
1/2∑

l=−1/2

W0(r1 − 2ld, r2 − 2ld, z = −f). (10)

ÏL ABCD 1ÆXÚ3?¿ z ?���Ì�Ý�

Wincoh.(r1, r2, z)

=
(

k

2πB

)2 ∫∫
Wincoh.(r′

1, r
′
2, z = −f)

× exp
{
− ik

2B
[A(r′2

1 − r′2
2) − 2(r1r

′
1−r2r

′
2)

+D(r2
1−r2

2)]
}

dr′
1dr′

2. (11)

©Or (5) Ú (10) ª�\ (11) ª, ���

Wincoh.(r1, r2, z)

=
(

k |E0|
2B

)2 1/2∑
l=−1/2

N∑
n=1

N∑
n′=1

(−1)n+n′

N2

×

 N

n

  N

n′

 exp
{
− ik

2B
[(r1 − 2ld)2

−(r2 − 2ld)2]
}

P−1
1 P−1

2
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× exp
{
− k2(r1 − 2ld)2

4P1B2

+
[T1(r1 − 2ld) − T2(r2 − 2ld)]2

4P2

}
. (12)

(8) Ú (12) ª=©O��ZÚ��ZÜ¤�ªe,
ü²1����Ü©�Z²º1åU\�Ü¤1
åÏL ABCD 1ÆXÚ3?¿ z ?���Ì�Ý
DÑúª. �m (r, z) ?�1r�

I(r, z) =
nmε0c

2
W (r, r, z), (13)

�{Bå�, (13) ªÑ�
�I “coh.” Ú “incoh.”.

à�| ABCD 1ÆXÚ��� A B

C D

 =

−z/f z + f

−1/f 1

 . (14)

ò (8), (9), (12) Ú (14) ª�\ (13) ª, Ò�©O�
��ZÚ��ZÜ¤1å3�m (r, z) ?�1r.
�±w�, 1r�Ü¤�ª!l¶ål d Ú�'
�Ý σ0(½�Zëê α = σ0/w0) k'. e¡±O
�~`²Ü¤�ª!l¶ål d Ú�Zëê α é
1r�K�, ê�O�¥ λ = 1.047µm, f = 10mm,
w0 = 10mm ÚoõÇ P = 1W �±ØC.

ã 1 AÛ�¡ z = 0 ?, ØÓÜ¤�ªe, l¶ål d é1r�K� (a), (d), (g) �ZÜ¤1r©Ù; (b), (e), (h)

��ZÜ¤1r©Ù; (c), (f), (i) �ZÜ¤Ú��ZÜ¤3 x ���1r©Ù

ã 1 �Ñ
3AÛ�¡ z = 0 ?, ØÓÜ¤�
ªe, l¶ål d é1r�K�, O�ëê N = 4,
α = 1. lã 1 �±w�, ���ZÜ¤�', �ZÜ
¤äk���¸�1r, �Xl¶ål d O�, ¸
�1rÅì~�, ¿�1�Åì©l. 3ØÓÜ¤

�ªe, l¶ålÑ�3�.� dc, 3 0 < d 6 dc

�, �¡?1r¥apd©Ù, 3 d > dc �, �¡
?1�©l, ��:?1r¥%]�. Xã 1 ¤«,
�ZÜ¤���ZÜ¤�ªe, l¶ål d ©O�
3�.� 0.22 Ú 0.2, 3 d = 0.1 �, �¡?1r¥
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apd©Ù; 3 d = 0.5 �, �¡?1r¥¥%]
�©Ù, ¿�ü«Ü¤�ªe�1r©ÙA�Ü.
�±w�, �Xl¶ål�O�, ü1å��'5
ü$, ù�Ü¤�ªé1rK�é�.

ã 2 �Ñ
3AÛ�¡ z = 0 ?, ØÓÜ¤�
ªe, �Zëê α é1r�K�, O�ëê N = 6,
d = 0.2. lã 2 �±w�, �X�Zëê α �O�,
¸�1rÅìO�, 1�Åì©l�¡ÈÅì~�.

3ØÓÜ¤�ªe, �Zëê α ��3�.� αc,
3 0 < α 6 αc �, �¡?1r¥apd©Ù, 
3 α > αc �, �¡?1r¥¥%]�©Ù. Xã 2
¤«, 3�Z���ZÜ¤�ªe, �Zëê α ©
O�3�.� 1.13 Ú 1, 3 α = 0.4 �, �¡?1r
¥apd©Ù, �5¿�, 3$�ZÝ�¹e, �Z
Ú��ZÜ¤�ªé1rK���. 3 α = 2 �,
�¡?1r¥¥%]�©Ù.

ã 2 AÛ�¡ z = 0 ?, ØÓÜ¤�ªe, �Zëê α é1r�K� (a), (d), (g) �ZÜ¤1r©Ù; (b), (e),

(h) ��ZÜ¤1r©Ù; (c), (f), (i) �ZÜ¤Ú��ZÜ¤3 x ���1r©Ù

3 7áa|âf�Ë�åÚÐ¼
½5

�ý�a|âfØÓ, 7áa|âfÑ��U
þ�Ü©l	|£�, ,�Ü©�7áâfáÂ,
±��9�Ñ, ù�âf¬É�áÂå, Ù��÷
DÑ��. �âf´7áa|âf�, E0>~ê
�JÜØ�", d�FÝå!Ñ�åÚáÂå�L
�ª©O� [2]

Fgrad = ε0Re(χ)∇|E|2 /4, (15)

Fscat = eznmI(r, z)CScat/c, (16)

Fabs = eznmI(r, z)Cabs/c, (17)

Ù¥, 4zÇ

χ = 4πa3εm

(
ε̂ − εm

ε̂ + 2εm

)
, (18)

ε̂ = ε1 + iε2 � 7 á � E 0 > ~ ê, � Å �
k '; εm = n2

m � ± � � ¸ � 0 > ~ ê; Ñ

074202-4



Ô n Æ � Acta Phys. Sin. Vol. 61, No. 7 (2012) 074202

� � ¡ Cscat = k4 |χ|2 /6π; á Â � ¡ Cabs =
kmIm(χ)/εm; km = 2πnm/λ �±�0�¥�Å
ê; a �âf�»; ez �÷DÑ���ü ¥þ.
d (15)—(17) ª��, Ñ�å Fscat ÚáÂå Fabs

�1r I(r, z) ¤�', FÝå Fgrad �1rF
Ý ∇I(x, y, z) ¤�'.

X�¡?1r¥apd©Ù, ��1å¥%
? ∇|E|2 < 0, ��¼�½�²ï:, KIî�
FÝåU
��£Eå, = Re(χ) > 0, ¦) (18) ª
���

(ε1 + εm/2)2 + ε2
2 > (3εm/2)2,

ε1 6= −2εm, ε2 6= 0,
(19)

�±w�, 7áa|âf�E0>~ê (ε1, ε2)  
u± (−εm/2, 0) ��%, 3εm/2 ��»���	Ü
U÷vî�FÝå��£Eå. AO´ ε2 = 0(=
ý�a|âf), (19) ªÒ{z� ε1 > εm, �Ò´
�éò�Ç n1/nm > 1, ù�©z [15] ��.

X�¡?î�1r¥]�©Ù, ��1å¥%
? ∇|E|2 > 0, Ó�/I÷v Re(χ) < 0, ���

ã 3 AÛ�²¡ z = 0 ?, 3 0 < d 6 dc �, Ü¤�ªéË�å�K� (a), (c), (e) î�Ë�å; (b), (d), (f) p�Ë�å

(ε1 + εm/2)2 + ε2
2 < (3εm/2)2,

ε1 6= −2εm, ε2 6= 0,
(20)

= (ε1, ε2)  u± (−εm/2, 0) ��%, 3εm/2 ��

»���SÜU÷vî�FÝå��£Eå. Ó�
/, ε2 = 0, (20) ªÒ{z� ε1 < εm, �Ò´�éò
�Ç n1/nm < 1, ù�©z [16] ��.

±7�~, �\�1Å� λ = 1.047µm �,
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7 � E 0 > ~ ê ε̂ = −54 + 5.9i[8], ± � � ¸
ò�Ç nm = 1.33(~XY), d�7�E0>~
ê (ε1, ε2) = (−54, 5.9) 3 (ε1 + 0.88)2 + ε2

2 = 7 �
�	Ü, d (19) Ú (20) ª��, �¡?î�1r¥
apd©Ù�, â��3½²ï:, ù�·��
3 0 < d 6 dc ½ 0 < α 6 αc ��SïÄÜ¤1
åé7áa|âf�1ÆÐ¼, O�ëê�âf�
» a = 20nm.

ã 3 �Ñ
AÛ�²¡ z = 0 ?, 3 0 < d 6
dc �, Ü¤�ªéË�å�K�, l¶ëê d = 0.1,
Ù¦ëê�ã 1 �Ó, �'�, d?��Ñ
ü1å
é7áâf�Ë�å. lã 3 �±w�, ����
ý�âfØÓ, 7áa|âf¬É�'Ñ�å��

��áÂå, �áÂåÚÑ�å�Ú��uFÝå.
î�Úp�FÝåLy�£Eå, kòâf.£�
:�ª³, ù¦�âf3�:NC�3½�²ï
:, âf3dNC��Ð¼. �±w�, Ü¤1å'
ü1åäk���Ë�å!Ð¼f5ÚÐ¼��.
���ZÜ¤�', �ZÜ¤�ªäk���Ë�
åÚÐ¼f5, ù´Ï��ZÜ¤'��ZÜ¤,
äk���¸�1rÚ1rFÝ, dã 1(c) ��w
�. ¿���w�, �ZÜ¤�ªe, p�Ð¼�
���, ��ZÜ¤�ªe, î�Ð¼����,
ù�1�¥%��:ålk', ~Xã 3(a) ¥�Z
Ú��ZÜ¤�ªe, î�Ð¼��©O� 10.8a

Ú 11.8a, p�Ð¼��©O� 12.2a Ú 11.4a.

ã 4 AÛ�²¡ z = 0 ?, 3 0 < α 6 αc �, Ü¤�ªéË�å�K� (a), (c), (e) î�Ë�å; (b), (d), (f) p�Ë�å
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ã 4 �Ñ
AÛ�²¡ z = 0 ?, 3 0 <

α 6 αc �, Ü¤�ªéË�å�K�, �Zë
ê α = 0.4, Ù¦ëê�ã 2 �Ó, �'�, ��
Ñ
ü1å�Ë�å. lã 4 Ó��w�, Ü¤1
å'ü1åäk���Ë�å!Ð¼f5ÚÐ¼
��. 3 0 < α 6 αc ��S, Ü¤�ªéË�åK
�é�, ~Xã 4 ¥, �Z���ZÜ¤�ªe, î
�FÝå©O� 0.42pN Ú 0.4pN, �¤éA�î�
Ð¼��©O� 25.4a Ú 25.2a; p�FÝå©O
� 0.37pN Ú 0.27pN, ¤éA�p�Ð¼��©O
� 21.2a Ú 22.7a.

3a|Cqe, ½/Ð¼7áa|�â,
I÷vµ1) 3��p�FÝå� �?, p�
FÝå Fgrad,z 7L�Ñ Fscat,z + Fabs,z

[2], =
½�.� R = |Fgrad,z|max / |Fscat,z + Fabs,z| > 1,
ã 3 ¥�Z���Z�ªe�½�.�©O
� 12.3 Ú 11.7; ã 4 ¥�Z���Z�ªe�
 ½ � . � © O � 6.8 Ú 5.2. 2) � Ä Ù K $
Ä � K �, F Ý å � ) ³ ² � � � ³ U 7 L �
Ñâf�ÄU, =�¦À�[ùÏf Rthermal =
exp(−Umax/kBT ) ¿ 1, Ù ¥ kB ´ À � [ ù ~

ê, T ´ ± � � ¸ � § Ý, F Ý å � ) ³ ² �
��� Umax = Re (χ) Imax/(nmc). b½�¸§
Ý T = 300K, ã 3 ¥�Z���Z�ªeÀ�[
ùÏf©O� 9.5×10−16 Ú 1.6×10−15, ã 4 ¥�
Z���Z�ªeÀ�[ùÏf©O� 1.9×10−16

Ú 1.96×10−16. 3) FÝåI�Ñâf�å. 7
��Ý´ 19.32×103 kg/m3, �»´ 20 nm �7a
|âf¤É�å´ 6.5×10−7 pN, ã 3 ¥�Z
���Z�ªe, ¤éA�î�FÝå���©
O� 7.8 pN Ú 4.4 pN, p�FÝå���©O
� 5.1 pN Ú 3.3 pN; ã 4 ¥�Z���Z�ªe, ¤
éA�î�FÝå���©O� 0.42 pN Ú 0.4 pN,
p � F Ý å � � � © O � 0.37 pN Ú 0.28 pN;
dd��, âf�å��Ñ. ã 5 �Ñ
Ë�
å |Fgrad,x|max, |Fgrad,z|max, |Fscat + Fabs| ÚÙK
å |FB| �âf�» a �'X, ã 5(a) Ú (b) O�ë
ê�ã 3 �Ó, ã 5(a) Ú (b) O�ëê�ã 4 �Ó.
lã 5 �±w�, �Xâf�» a �O\, Ë�åO
\, ½�.� R ~�, 3a|Cq��S (a <

λ/20), ü«Ü¤�ªþ�½�Ð¼7áa|
âf.

ã 5 Ë�å
∣∣Fgrad,x

∣∣
max

,
∣∣Fgrad,z

∣∣
max

, |Fscat + Fabs| ÚÙKå |FB| �âf�» a �'X
(a), (c) �ZÜ¤; (b), (d) ��ZÜ¤

074202-7



Ô n Æ � Acta Phys. Sin. Vol. 61, No. 7 (2012) 074202

4 ( Ø

�©Äg¦^Ü¤1åé7áa|âf (~
X7) �Ë�åÚÐ¼½5�
©Û, Xï
Ä
Ë�å�Ü¤�ª!l¶ål!�ZëêÚ
âf�»�'X. (JL², ØÓÜ¤�ªe, l
¶ålÚ�ZëêÑ©O�3�.� dc Ú αc,
3 0 < d 6 dc ½ 0 < α 6 αc �, AÛ�¡?1r
¥apd©Ù, d�î�FÝåU��£EåJø
½²ï:; 3 d > dc ½ α > αc �, AÛ�¡?
1r¥¥%]�©Ù, d�î�FÝåØU��£
EåÐ¼7áa|âf. 3 0 < d 6 dc �, ���

ZÜ¤1å'�, �ZÜ¤1å3�¡?1r!Ë
�å!Ð¼f5Úp�Ð¼����; 3 d > dc

�, �Xl¶ål�O�, ü1å��'5ü$, Ü
¤�ªé1rK���Ñ. 3 0 < α 6 αc �, ��
�ZÜ¤1å'�, �ZÜ¤1å3�¡?1r!
Ë�å!Ð¼f5Úî�Ð¼����Ø�. �©
z¥®kó�'� [8,10], �©Ì�A:´æ^
Ü
¤1å (�ZÚ��ZÜ¤) Ð¼7áa|âf, Ù
�¡?1r�ëêØÓ�¥apd©Ù½¥%]
�©Ù. Ïd, 3|^Ü¤1åÐ¼7áa|âf
�, ·�ÀJÜ¤�ª, ��l¶ålÚ�$��
Zëê�k|u7áa|âf�Ð¼.
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[14] Cheng K, Lü B D 2008 J. Mod. Opt. 55 2751

[15] Neuman K C, Block S M 2004 Rev. Sci. Instrum. 75 2787

[16] Gahagan K T, Swartzlander G A 1996 Opt. Lett. 21 827

074202-8



Ô n Æ � Acta Phys. Sin. Vol. 61, No. 7 (2012) 074202

Optical trapping of metallic Rayleigh particles by
using coherently and incoherently combined beams∗

Cheng Ke† Zhong Xian-Qiong Xiang An-Ping

( College of Optoelectronic Technology, Chengdu University of Information Technology, Chengdu 610225, China )

( Received 3 July 2011; revised manuscript received 29 July 2011 )

Abstract

The effect of two beam combination schemes, i.e. combination of coherent and incoherent beam, on the radiation force and

stability in trapping metallic Rayleigh particles is studied, where the dependences of the radiation force on beam combination scheme,

off-axis distance, coherence parameter and particle radius are stressed and illustrated by numerical examples. It is shown that there exist

critical values dc and αc for different combination schemes. For 0 < d 6 dc or 0 < α 6 αc the Gaussian-like intensity profile takes

place in the geometrical focal plane, so that the transverse gradient force can act as a restoration force to provide stable equilibrium

point. For d > d0,c or σ0 > σ0,c the transverse gradient force can not trap metallic Rayleigh particles. For 0 < d 6 dc the intensity,

the radiation force, the trapping stiffness, and the longitudinal trapping range of coherently combined beam are larger than those of

incoherently combined beams. Therefore, a suitable choice of combination scheme, smaller off-axis distance and coherence parameter

is beneficial to trapping metallic Rayleigh particles in the use of combined beams.
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