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�©JÑ
�)g¤�Û��%1å (self-imaged bottle beams) ��«1Æ�� —— �N¶cI. lû�nØ
(ÜAÛ1Æé²L¶cI��1|?1
©Û, �Ñ5\�Nò�Ç�u¶cIá�ò�Ç���)g¤�Û
��%1å. ¿ÏL^� MathCAD �[, ������±Ï1å�C�L§ÚÛ��%1å�üCL§. ïÄuy
�N¶cI�)�g¤�Û��%1åäk±Ï9�Z�Ý�N�A:. ©Û
XÛ|^g¤�Û��%1åé
âf?1Ð¼, ?Ø
^g¤�Û��%1å?1õ�¡âfÐ¼�`³.

'�c: �N¶cI, Û��%1å, g¤�, âfÐ¼

PACS: 42.15.Eq, 42.25.–p, 42.25.Fx, 42.15.–i

1 Ú ó

Û��%1å´�«3DÂ��þkX��
"1r«��AÏ1å, T«��n�prÝ�1
��, gX�� bottle, �
¡�� bottle beam. d
u1å�AÏ5�, §3)·�ÆÚB��E¥k
X­��A^, ���-1�+ [1]!1p [2] Ú1
Æ�Ã [3] �óä, ��±^u-1§B�*âf
Ú¥5�f!©f!)Ô[� [4,5] !�fe% [6]

�. Ïd��´��ïÄ�9:.

<�ég¤�Û��%1å�
Ø�ïÄ, �
±^�Z�l�1åZ��) [7,8], �A�¢�C
�91Æ����<���u². ~X|^�Cò
�Ç¶cI [9]!double-axicon[10] �ÑéÐ/��

g¤�Û��%1å. �©JÑ
�)g¤�Û
��%1å�q�«1Æ�� —— �N¶cI.
ù«¶cI�3
DÚ¶cI(�{ü, 1�úK
�p, Uþ=��Çp (A�p� 100%) �`:, Ó
�3¶cI¥5\�N, du�N´u��, ÏL
��ØÓò�Ç��N, �±��ØÓëþ�g¤
�Û��%1å, ±÷véØÓ�âö��¡��
¦. Jp
¶cI�|^Ç, Or
g¤�Û��
%1å�¢^5, 3,«�¡þ���ü$
��

��E¤�. �± �O�)Û��%1å�1Æ
���', �N¶cI�~N´UCÛ��%1å
�ëþ, ù�´§��:¤3. �©lAÛ1Æ�
�Ý©Û
g¤�Û��%1å� �9«��
Ý, |^û�nØ©Û¿�Ñ
g¤�±ÏL�ª.
ÏL^� MathCAD �[, �Ñ
����±Ï1
å�C�L§Úg¤�Û��%1å�üCL§.
<�é|^-1?1âfÐ¼Ú§B®�
Ø�
�'ïÄ [11,12], �©©Û
XÛ|^g¤�Û�
�%1åéâf?1Ð¼, ?Ø
^g¤�Û��
%1å?1õ�¡âfÐ¼�`³.

2 nØ©Û

DÚ�¶cIU
�) Bessel 1å [13], 
ü
åØÓ»�Å¥©þ� Bessel 1å�ZU\K¬
�)g¤��Û��%1å [7,8]. y=^���N
¶cIÒU
éÐ/��d8�, Xã 1(a) ¤«,
ÙJ�Ü©�SÜ;��n95��� (���
�»é�, é¶cI��1|A�Ø�)K�). �
¦üå Bessel 1u)�ZU\, �¦ n2 < n1, Ù
¥ n1 �¶cIá��ò�Ç, n2 �5\�N�ò
�Ç.
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ã 1 (a) �N¶cI; (b) �N¶cI�)g¤�Û��%1å«¿ã

ã 1(b)��N¶cI�)g¤�Û��%1
å�AÛ1´ã. Ù¥ Zmax 2 ´�»� R2, .�
� γ, ò�Ç� n2 �DÚ¶cI�) Bessel 1�
��Ãû�ål

Zmax 2 ≈ R2/[(n2 − 1) γ], (1)

Zmax 4 ´�»3 R2 < r 6 R1 «��¶cI�
) Bessel 1���Ãû�ål

Zmax 4 ≈ R1/[(n1 − 1) γ] − Zmax 1. (2)


 Zmax 1 ��u�»� R2, .�� γ, ò�Ç� n1

�DÚ¶cI�) Bessel 1���Ãû�ål

Zmax 1 ≈ R2/[(n1 − 1) γ]. (3)

d u n2 < n1, 3 0 < r 6 R2 « � � 1
' R2 < r 6 R1 «��1 ò��, �üå Bessel
1¬�)�U, ã 1(b) ¥ÒKÜ© Zmax 3 =��
U«�. �U�üå1äk�ÓªÇ, ØÓ�»�
Å¥©þ, ò�)�ZU\, d©z [8] ��, �U
«�ò�)g¤�Û��%1å. T«��¶��
Ý Zmax 3 �d Zmax 1 Ú Zmax 2 ¦�.

Zmax 3 = Zmax 2 − Zmax 1

=
R2

γ

(
1

n2 − 1
− 1

n1 − 1

)
. (4)

g¤�Û��%1å�±Ï�L«� [8]

ZT =
∣∣∣∣ 2π

kz1 − kz2

∣∣∣∣ , (5)

Ù ¥, ¶ � Å ¥ © þ kz1 =
√

k2
1 − k2

r1, kz2 =√
k2
2 − k2

r2, Å ê k1 = k2 = 2π
λ , » � Å ¥ ©

þ kr1 = 2π
λ (n2 − 1)γ, kr2 = 2π

λ (n1 − 1) γ.

d (1)—(5) ª�, UC¶cI¥�N�ò�
Ç n2 ���Ò�±é�B/N!g¤�Û��%
1å«�� �!�Z«��¶��ÝÚÛ��
%1åg¤�±Ï, Ïd¦^��¶cIÒ�±�
â¢S�¦��ØÓëþ�g¤�Û��%1å.

3 ê��[

3.1 ���NNN¶¶¶cccIII���)))ggg¤¤¤���ÛÛÛ������%%%111ååå

²¡Å²¶cIC���1|©Ù�dÎ�
IXe��r�û�È©úªÚ¶cI�ßLÇ
¼ê t (r) = exp (−ik (n − 1) γr) �Ñ [14]

E (r2, z) =
(
− ik

z

)
exp (ikz) exp

(
ikr2

2

2z

)
×

∫ R

0

J0

(
kr1r2

z

)
exp

[
ikr2

1

2z

−ik (n − 1) γr1

]
r1dr1, (6)

ª¥ k = 2π
λ ´Å¥, γ Ú n ©O�¶cI�.�

Úò�Ç, R�\�1å�».

²¡ÅR�\���N¶cI�, Ñ�1|K
©�üÜ©, �Ü©´ 0 < r 6 R2 «�/¤�Ãû
�1| E1, ,�Ü©´ R2 < r 6 R1 «�/¤�
Ãû�1| E2, d (6) ª� E1 Ú E2 �1|L�ª

E1 (r2, z) =
(
− ik

z

)
exp (ikz) exp

(
ikr2

2

2z

)
×

∫ R2

0

J0

(
kr1r2

z

)
exp

[
ikr2

1

2z

−ik (n2 − 1) γr1

]
r1dr1, (7)

E2 (r2, z) =
(
− ik

z

)
exp (ikz) exp

(
ikr2

2

2z

)
×

∫ R1

R2

J0

(
kr1r2

z

)
exp

[
ikr2

1

2z

−ik (n1 − 1) γr1

]
r1dr1. (8)

�Z«��o1|=� E1 Ú E2 ��ZU\, Ïd
�N¶cI��1r©Ù�L«�

I (r2, z) = |E1 (r2, z) + E2 (r2, z)|2 . (9)

æ^ MathCAD ?1�ý�[. 1
À^ Nd:
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ã 2 �N¶cI�)g¤�Û��%1å

YAG ��ª1 λ = 532 nm, ¶cIá�À^ F14
Àæ, Ùò�Ç n1 = 1.60661, SÜ�NÀ^XÀ
Y, Ùò�Ç n2 = 1.33, Ù¦ëþ R1 = 5 mm,
R2 = 2.5 mm, γ = 1◦. |^ (7), (8), (9) ª�[-1
²�N¶cI��û�1r.

lã 2 ¥�±wÑ3�N¶cI�k²w�
g¤�Û��%1å. |^À��ëþ9 (1)—
(4) ª�±O�Ñg¤�Û��%1å«�å:

ã 3 g¤�Û��%1åØÓål?�¡1r©ã (a) z = 243.33 mm; (b) z = 249.15 mm; (c) z = 256.79 mm; (d)
z = 262.62 mm; (e) z = 270.25 mm; (f) z = 276.09 mm
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 � Zmax 1 = 236.131 mm, ª: � Zmax 2 =
434.059 mm, �)g¤�Û��%1å«��¶�
�Ý Zmax 3 = 197.928 mm. �ã 2 ¥�(JÄ�
ÎÜ.

3¶þ��ü�±Ï��¡1r©Ù, Xã 3
¤«.

d (5) ª � ± � � Ñ g ¤ � Û � � % 1 å
�±Ï ZT = 13.474 mm, �ã 3 ¥¤�²þ±

Ï Z̄T = 13.465 mm �~ÎÜ.

yb��¦¼�g¤�Û��%1å�±Ï
� ZT = 23 mm,·�|^�N¶cIU
ÏLé
{ü�O�ÚN!Ò�±��. ò kz1 Ú kz2 �
\ (5) ª¥�

ZT =

∣∣∣∣∣∣ λ√
1 − (n2 − 1)2 γ2 −

√
1 − (n1 − 1)2 γ2

∣∣∣∣∣∣ .

(10)

ã 4 ØÓ ��¡1rã (a) z = 253.2 mm; (b) z = 264.5 mm; (c) z = 276.2 mm; (d) z = 287.5 mm; (e) z = 299.1 mm; (f)
z = 310.5 mm
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À^�ëþØ n2 	þ�c©�Ó, ò�'ë
þ�\ (10) ª�O��Ñ n2 = 1.4648. �L�
�¯�É9M| (L: 10◦C, £: 227.0◦C, ò�
Ç 1.4649) �O�¤�ò�Ç��Ø�, L£:�
ÎÜ¢^�¦, �±Á^. ^�[�ý5?1�y,
���¡ãXã 4 ¤«.

�[���g¤�Û��%1å�²þ±
Ï Z̄T = 22.975 mm, ��¦�©�C. ��ÏL�

{ü�O���Ü·��Nò�Ç, 2ò�éA
��N5\�N¶cI¥=���÷v�¦�g
¤�Û��%1å.

3.2 ggg¤¤¤���ÛÛÛ������%%%111ååå¢¢¢yyyéééõõõ���¡¡¡âââ
fff���ÐÐÐ¼¼¼

g¤�Û��%1åk±Ï5���üÙÓ
�qkg­ï [15] �5�, �±��éÐ�Ð¼õ
�¡âf�óä.

^pd1å?1âf ('±��¸ò�Ç��
âf) Ð¼ [16] |^�´1�Ô�mÄþD4�å
Æ�A. eâf�¥3î� (R�u1¶��)  
l¥% �, ¬É�����1å¥%��^å
¦�¥£½31¶. Ùé¶þâf�åP
uF
Ýå Fgrad ÚÑ�å F

[16]
scat, 3 Fgrad > Fscat �â

fâ�åP31�NC. 
^g¤�Û��%1å
?1âfÐ¼�KÃId^�. 3ã 5 ¥�±w
Ñ31¶þ, e Fgrad > Fscat, Kâf¬�.��
� 1 ¥§B; ��K�í��� 2 ¥§B; XJT
Ð Fgrad = Fscat, âfÒ¬�åP3�?. n«�
¹eþU¢yâf�Ð¼Ú§B.

ã 5 g¤�Û��%1åÐ¼âf«¿ã

âf?3��¥ (cü«�¹) ¿Ø¬é1å
E¤K�, �åP31å�� (1n«�¹) �â
f (é�) ¬¦Ù��1�¤g­ï�qU?1â
fÐ¼, l
¢yõ�¡�âfÐ¼.

�éupd1å§BâfÚ�l�1å?1
�õ�¡âfö� [2], g¤�Û��%1åäk±
e`³:

1) ´uö�. pd1åòâfåP31�NC,

g¤�Û��%1å3�Z�ÝSÑ�±Ð¼
Ú§Bâf. ^�N¶cI�)g¤�Û��%1
å�U (4) ªN!�Nò�Ç=����A��Z
�Ý.

2) ÉâfK��. �l�1å?1õ�¡âf
ö��¤k1åS�âfÑ¬Úå1åÆC; g¤
�Û��%1å?1âf§B��k?u1å�
��âf¬K�1å, 
TÐ÷v Fgrad = Fscat �
âfØõ, ¤±§B�âfé1å�K�¿Ø�.

3) �â©z [15] ��g¤�Û��%1åU
§B'±��¸ò�Ç$�âf.

��g¤�Û��%1åU
���{/?
1âfÐ¼Ú§B.

4 ( Ø

©Û
�)g¤�Û��%1å�1Æ�
� —— �N¶cI, nØ��[¢��(Ü, L²

�N¶cIU
�)g¤�Û��%1å, ·�
��ØÓò�Ç��N��±��äkØÓëþ
�g¤�Û��%1å. ¤���g¤�Û��%
1å�õ�¡�âfö�Jø
�«��k��
#å».
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Abstract

We propose an novel optical element-liquid axicon-to generate self-imaged bottle beams in this paper. From the diffraction theory

combined with geometrical optics the light field behind the liquid axicon is analyzed, and the result shows that when the refractive index

of infused liquid is smaller than that of the axicon material, it can produce self-imaged optical bottle beams. Through simulation with

software MathCAD, we obtain the conversion process of a complete self-imaged optical bottle beam cycle and the evolution process

of the bottle beam. We find that the coherent length of self-imaged bottle beams generated by liquid axicon is adjustable. In this paper,

we analyze how to use self-imaged bottle beams to capture the particles, and the advantages of capturing multilayer particles using

self-imaged bottle beams are also discussed.

Keywords: liquid axicon, bottle beam, self-imaged, particles captured
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