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JÑ|^� N��#�{, 31´¥�\Ú^� �, ¦Û��%1å (Bottle beam) ¥%C�� Û:, 3
¦^¶cI - ßºXÚ�) Bottle beam �, �Ø
û��Ï��� Bottle beam SÜ�¶þ1r, ù|u^ Bottle
beam �ï�%1pXÚ. nØ©Û9ê��[�¢�(JÎÜéÐ.
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-11pg 1970 cd Ashkin � [1] JÑ±5,
���«Ã���>!��)Úuÿ��å±9
°(ÿþ�� £�ÔnÆóä, 3)·�ÆÚB
��Æ�+���
2��A^ [2−4]. DÚ�1p
XÚ��ÏLà�pd-1å¢yFÝå³²5
Ð¼�*âf, �^3âfþ�åÌ��¹��©
þ: d>|FÝÚå�FÝå©þÚdâfáÂ1
f¤�)�1Ñ�å©þ. Ù¥FÝå©þ���
�1å�:, �¤�§Bå, òâf§B3�:N
C; 
Ñ�å÷X1åDÂ���, Ï~é1Æ§
B´k³�. ,	, DÚ1pXÚ�Uó�31å
�:NC, pÝà��pd1å��Ué)Ô�â
E¤î­�9�ú [5].

Û��%1å (Bottle beam) ´�«÷1DÂ
��þkXrÝ4$ ($��") �n�µ4«
��1Æ³² [6−8], äk4p�rÝFÝ. XJæ
^ Bottle beam �ï�%1pXÚ, KU
râf
§B3¥%NC�V¥�«�, §B�Ç�"�Ð.
ù´Ï� Bottle beam ¥�¶�1r4$, d1áÂ
���¶�1Ñ�å�~�. d	, duâf�§
B3 Bottle beam ¥%NC, d1áÂÚå�âf9
�ú��~� [5]. 2ö, à�pd1å�¤�1p

�U§B�éò�Ç�u 1 ��*âf, 
 Bottle
beam §Bâf��éò�ÇØ=��u 1, ���
u 1[9]. 8c, �) Bottle beam ��{kõ«, ~X,
¶cI - ßºXÚ�) Bessel 1¿à��±/¤
ü� Bottle beam[10−12], üåÓªÇ�äkØÓ»
�Å¥©þ� Bessel 1�Z�1¤±Ï5� Bottle
beam[13,14], üåÓªÇ�ØÓå��»�Ä�p
d1åZ���±/¤ Bottle beam[15], #.Iß
º�) Bottle beam[16,17] �. ¶cI - ßºXÚ�
) Bottle beam (�{ü, �)� Bottle beam äk
4p�rÝFÝ, �´duû��A�Ï��K�,
Bottle beam SÜ�¶þ1rÏ~Ø�", /¤��
�� [10,11,18], ùéu|^ Bottle beam �ï�%1
pXÚ´Ø|�, �k��Ød¥%����{I
S	ÿÃ��. �©JÑ|^� N��#�{,
31´¶�\Ú^� �, ¦ Bottle beam SÜ�¶
þC�� Û:, Ïd¶þ1r�", l
éÐ/
�Ø
 Bottle beam �¶þ��. nØ©ÛÚê��
[�¢�(JÎÜéÐ.

2 nØ©Û9ê��[

2.1 ¶¶¶cccIII - ßßßºººXXXÚÚÚ���))) Bottle beam
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û� Bessel 1, Ù��Ãû�ål [12] Zmax =
R/[(n − 1)γ], Ù¥ R ´\�1å��», n ´¶
cI�ò�Ç, γ ´¶cI.�. 3��Ãû�
ålS�\��Ü·�à�ßº, ßº�=��
) Bottle beam[10,12], Xã 1 ÒKÜ©¤«.

ã 1 ¶cI - ßºXÚ�) Bottle beam �AÛ�nã

ã 2 à�ßº��n�1r©Ù

d�¶Cq�� Bottle beam ¶þå:Úª:
 �� [12]

z1 =
f − z0f/Zmax

1 + f/Zmax − z0/Zmax
, (1)

z2 =
z0f

z0 − f
. (2)

\��ßºþ� Bessel 1å1|�L«�

E1(r1) = A0J0(krr1), (3)

ª¥, A0 ´E�Ì~ê, r1 ´»�Å¥©þ, J0

�1�a"� Bessel ¼ê, kr �Å¥�»�©þ.
Bessel 1å²L�å� f �à�ßº¿DÑål
� z ��DÑÝ
� 1 z

0 1

  1 0
−1
f

1

 =

 1 − z

f
z

−1
f

1

 . (4)

|^��dúª�í2, 3Î�IXe�2Â
¨�d - �r�û�È©úª�±��²Là�ß
º��1| [11]

E(r, z) =
−ik
z

A0 exp(ikL)

× exp
( ik

2z
r2

) ∫ R′

0

J0(krr1)J0

(kr1r

z

)
× exp

[ ik(r1)2

2z
− ik

2f
(r1)2

]
r1dr1, (5)

ª¥, R′ �1å3à�ßºþ�Ý��». dã 1
�±�Ñ R′ = R − z0(n − 1)γ.

à�ßº��1r©Ù�

I(r, z) =
(kA0

z

)2
[∣∣∣ ∫ R′

0

J0(krr1)J0

(kr1r

z

)
× exp

[ ik(r1)2

2z

− ik
2f

(r1)2
]
r1dr1

∣∣∣]2

. (6)

ã 3 à�ßº�ØÓål?�¡1r©Ù (a) z = 50 mm; (b) z = 95 mm; (c) z = 100 mm; (d) z = 102 mm; (e) z = 250 mm
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À�ëêµ1<�» R = 5 mm, Å� λ =
632.8 nm, ¶ c I . � γ = 0.5◦, ¶ c I ò �
Ç n = 1.516, à�ßº�å f = 100 mm. K¶
cI����Ãû�ål Zmax = 1.11 × 103 mm.
� z0 = 650 mm, d (1) Ú (2) ª�� Bottle beam å
:Úª: � Z1 = 82.2 mm, Z2 = 118.2 mm. |
^ (6) ª�±éà�ßº��1r©Ù?1�[,
(JXã 2 Úã 3 ¤«.

dã 3 �±wÑ, à�ßº���ãålS/
¤Cq"� Bessel 1åA5�1r©Ù, �XD
Ñål�O\, 1åÑym�, ¿3à�ßº��
²¡?m�����, UYDÂ�m�C�¿�
�4Ü, q¡E
Cq"� Bessel 1åA5�©
Ù. 3c�üåCq"� Bessel 1å�m/¤�
�Û�©Ù�Cq¥�1å, = Bottle beam. Uì
ã 1 AÛ1Æ©Û��, ¶cI - ßºXÚ/¤
� Bottle beam SÜAT´vk1åÏL�, =S
Ü1r�". �´dã 2 û�nØ©Û��, Bottle
beam SÜ�¶þ�k�f�1r©Ù. ã 3 �é
Auã 2 �ØÓål?�¡1r©Ù, dã 3 �±
�\�Ù/w� Bottle beam SÜ¶þ�1r©Ù,
�� Bottle beam ¿Ø��´¥��.

2.2 \\\ \\\ SPP ��� ¶¶¶ ccc III - ßßß ººº XXX ÚÚÚ ���
))) Bottle beam

3þã¶cI - ßºXÚ�Ä:þ, e3¶c
Ic¡\\ÿÀ>Öê� n �Ú^� � (SPP),
K²¡Å²L SPP �ÒC¤
�kÚ^� Ï
f e inφ �µ^1å [19], ¶þ�� Û:, ¶þ1
r�". µ^1å²¶cIà��±/¤Cq�
p� Bessel 1å, ±à�ßº?� z ¶å:, K

\��à�ßºþ�p� Bessel 1å1|�L«
� [20,21]

E′
1(r1) = A0Jn(n, krr1) e inφ, (7)

Ù¥ Jn � n � Bessel ¼ê, φ �� �.
2g|^��dúª�í2, 3Î�IXe�

2Â¨�d - �r�û�È©úª�±��²Là
�ßº��1| [22]

E′(r, z) =
−ik
z

A0 exp(ikL + inφ)

× exp
( ik

2z
r2

) ∫ R′

0

Jn(krr1)Jn

(kr1r2

z

)
× exp

[ ik(r1)2

2z
− ik

2f
(r1)2

]
r1dr1, (8)

�A�1r©Ù�

I ′(r, z) =
(kA0

z

)2
[∣∣∣ ∫ R′

0

Jn(krr1)Jn

(kr1r

z

)
× exp

[ ik(r1)2

2z

− ik
2f

(r1)2
]
r1dr1

∣∣∣]2

. (9)

ã 4 \\ SPP �à�ßº��n�1r©Ù

ã 5 \\ SPP �à�ßº�ØÓål?�¡1r©Ù (a) z = 50 mm; (b) z = 95 mm; (c) z = 100 mm; (d) z = 102 mm; (e)
z = 250 mm
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-\\� SPP �ÿÀ>Öê n = 1, Ù¦ëê
� 1.1 Ü©�Ó, |^£9¤ª�±�[�à�ßº
��1r©ÙXã 4 Úã 5 ¤«.

dã 4 Úã 3 é'�±wÑ, \\ SPP �, Bot-
tle beam Ä�/G�±ØC, �´du SPP Ú\�
Ú^� Ïf¦�¶þC�� Û:, Ïd Bottle
beam SÜ¶þ1rC�", Bottle beam c��¥
üåCq�� Bessel 1åA5�©Ù. ã 5 �\
\ SPP �éAuã 3 �Ó �?��¡1r©Ù.
�±�Ù/wÑ Bottle beam SÜ�¶þ1r�é
Ð/�Ø, /¤A�¥�� Bottle beam.

3 ¢��y

¢�C�Xã 6 ¤«, ¢�ëê�ê��[ë
ê�Ó. 3�\\ã 6 J�µS� SPP �¹e, |

^ OPHIR úi SP620U . CCD ¤�XÚû��¡
1rã, ÀJà�ßº?� z ¶å: �. ã 7 �
¢�û�éAuã 3 ê��[�ØÓ �?�¡
1r©Ùã, 3 z = 95 mm Ú z = 102 mm ?¶þ
���ß��, à�ßº�²¡?¶þ1�Ï�é
1r�f
uÿØ�, �nØ�[ã 3 Ä�ÎÜ.

ã 6 ¢�C�ã

ã 7 ¢�û�à�ßº�ØÓål?�¡1r©Ù (a) z = 50 mm; (b) z = 95 mm; (c) z = 100 mm; (d) z = 102 mm; (e)
z = 250 mm

ã 8 ¢�û�\\ SPP �à�ßº�ØÓål?�¡1r©Ù (a) z = 50 mm; (b) z = 95 mm; (c) z = 100 mm; (d)
z = 102 mm; (e) z=250 mm

�±þã¢�C�ØC, 31<Ú¶cI�
m\\ÿÀ>Öê n = 1 � SPP, Xã 6 J�µ
Ü©¤«. 2g|^ CCD ¤�XÚû�éAu
ã 5 �ØÓ ��¡1r©Ùã, 3 z = 95 mm
Ú z = 102 mm ?¶þ��®��Ø (ã 8), �ã 5
�[(JÎÜ.

4 ( Ø

¶cI - ßºXÚ/¤ Bottle beam �, du

û��Ï��K�~�� Bottle beam SÜ�¶þ
1rØ�". ÄuÎ�Ie���dúª, ©Û¿
�[
¶cI - ßºXÚ/¤ Bottle beam �L§.
l�[(Juy, ¶cI - ßºXÚ/¤� Bottle
beam SÜ�¶þ(¢�3�f1r. �©JÑ3
1´¥�\Ú^� ���{Ú\Ú^� Ïf,
¦¶þC�� Û:, l
éÐ/�Ø
 Bottle
beam SÜ�¶þ1r. nØ©Û9�[�¢�(
JÎÜéÐ, ïÄ(Jéu Bottle beam 3�ï�%
1pXÚ�¡äk�½�¢^d�.
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[10] Chávez C S, New G H C 2000 Opt. Commun. 181 369
[11] Lü B D, Huang W, Zhang B, Kong F, Zhai Q 1996 Opt. Commun.

131 223
[12] Wei M D, Shiao W L, Lin Y T 2005 Opt. Commun. 248 7

[13] Ahluwalia B P S, YuanX C, Tao S H 2004 Opt. Commun. 238 177
[14] Wu F T, Liu B, Lu W H, Ma B T 2009 Chin. J. Lasers 36 2899

(in Chinese) [Ç½c, 4Q, ©©Ú, ê�X 2009 ¥I-1 36
2899]

[15] Isenhower L, Williams W, Dally A, Saffman M 2009 Opt. Lett.
34 1159

[16] Wu F T, Jiang X G, Liu B, Qiu Z X 2009 Acta Phys. Sin. 58 43
(in Chinese) [Ç½c, ô#1, 4Q, ¤�, 2009 ÔnÆ� 58
43]

[17] Zhang Q A, Wu F T, Zheng W T, Ma L 2011 Acta Phys. Sin.
60 094201 [ÜcS, Ç½c, x�7, ê� 2011 ÔnÆ� 60
094201]
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Eliminating the center spot of bottle beam generated
by axicon-lens system∗
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Abstract
When generating a bottle beam by using an axicon-lens system, diffraction factors often cause a bright spot in the center of bottle

beam. This central bright spot is unfavorable for the using of bottle beam in constructing hollow optical tweezers system. In the article,
we propose a new method of phase modulation, by adding a spiral phase plate to optical path to make the bottle beam center have
phase singularity,thereby eliminating the bright spot well. Theoretical analysis and numerical stimulation are shown to agree with the
experimental results.
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