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JÑ
�«|^¬àßº!¶cI�{ü1Æ���)�ålCqÃû�1�#Eâ. ©O|^AÛ1ÆÚ
û�nØ©Û
T�{�)�ålCqÃû�1å��n, ÏL^��[
�ålCqÃû�1å�/¤L§, �
Ñ
T1å3ØÓål?�î�1r©Ù. �[(Jw«T1å3��ål?�î�1r©Ù÷v Bessel ©Ù. l
¢�þ¼�
DÂål�� 80 m!¥%1�uÑ��� 0.12 mrad �CqÃû�1å, �'uI	Æö�C�ïÄ
¤J (Belyi et al. 2010 Opt. Exp. 18 1966) òDÂålò�
 50 õ�, 
1åuÑ�Ø 
 22 �. ¢�¥, é1å÷
1¶DÂ�3ØÓål?�1�?1
û�, ¤�¢�(J�nØ©ÛÄ�ÎÜ.

'�c: �ålCqÃû�1, à�ßº, ¶cI

PACS: 42.15.Eq, 42.25.–P, 42.25.Bs,42.25.Fx

1 Ú ó

Ãû�1åäk3gd�mDÂ��±1r
©ÙØC!¥%1��!1rpÝ8¥±9g­
ï��X�ÕA�5�. Ïd, gl§�JÑ±5
��
2��ïÄ [1−9]. �,É�Ø�3Ã��U
þ���
�Ø�î�¿Âþ�Ãû�1å, �´,

3¢�¿���CqÃû�1åA�ä�
Ãû
�1åAk�A5. @Ï�ïÄö�ÑÃû�1å
�±A^up°Ý½�!ÿå!O�!-1\ó
±9)Ôó§�õ«+�. �8c, ®²kõ«�
{�±�)CqÃû�1å, X¶cI{ [10,11]!
O�Å�E{ [12,13]!�½ - ßº{ [1,2]!ßº¶
cI{ [14−16]!��n{ [17,18] �. �´±þ�«
�{þÏÉ�k��»�ÃõÏ����
ØU
��DÑålé��CqÃû�1å. X¢�¿
�~^�¶cI{, Ù�)�CqÃû�1���
DÑål [19] � Zmax = R/(n − 1)γ (Ù¥ R ´\
�1å�», n �¶cIá�ò�Ç, γ ´¶cI

.�). lþãL�ª¥�±wÑ, CqÃû�1�
��DÑål�'u\�1å�», �'u¶cI
.�. ùÒ¿�X^�»� 5 mm �1åì���
.�� 0.5◦!ò�Ç� 1.516 �¶cI, ���C
qÃû�1å���Ãû�ål==� 1.11 m �
m. ù¦�CqÃû�1å3½�!ÿå!O��
�¡�A^É�
é����. Ïd, XÛU¼�
DÂål��1å�þÐ�CqÃû�1åÒw
�c�­�. IS	�kÆö?1
�
�'ïÄ,

~X, ëR� [20] |^"�ºXÚé¶cI�)�
Ãû�1?1*å, l
���ål�CqÃû�
1, �´ù«�{3*�Ãû�ål�Ó��òC
qÃû�1¥%1���
. Belyi � [21] ^²L¬
àßºà���¥¡ÅëYÏLü�¶cI��
{òCqÃû�1�Ãû�ål*��
 25 m �
m, ,
ù«�{�)�CqÃû�1å�¥%1
�uÑÓ���x³ (uÑ��� 2.73 mrad). �©
|^ßºé¶cI�)�CqÃû�1?1à�,

��äk�½uÑ���G1å, ±d1å\��
,��.����¶cI, l
��
Ãû�ål
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�� 80 m $����CqÃû�1å, T1å�
uÑ��é��.

2 nØ©Û

²11²L¶cI�¬�)'�n��Cq
Ãû�1å, 3Ãû�ålS�\��¬àßº,

ò¬3ßº�å?����à���, Ù�ò/¤
äk�½uÑ���G1å [22]. ù«äk�½u
Ñ���G1å2²L¶cIÒ¬/¤#�Cq
Ãû�1å. dAÛ1Æ�[��, �G1å�)

�CqÃû�1���Ãû�ål'�á, Xã 1

U\ÒK¤«. 
�\���G1åäk�½uÑ
��, CqÃû�ålò¬C���, Xã 2 Úã 3

¤«. � � � � �
ã 1 �G1å�)CqÃû�1� � � � � �

ã 2 äkuÑ���G1å�)CqÃû�1«¿ã� �� �� �� �� � ���� 	
 ����� 	
 � 
 � � � 
 � � � � 
 � � � � � � � � � � � � � � �� � � �� � � �
�

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

ã 3 äkuÑ���G1å�)CqÃû�1�î�1r©Ù

'�ã 1 Úã 2, éN´w�äkuÑ���
G1å²L¶cI����CqÃû�1åäk
���Ãû�ål. ã 3 ´ã 2 ¥&ÿ¡?�î�
1r©Ù����[ã, �±uyT1r©ÙéÐ
/÷v
 Bessel 1r©Ù.

�©�O�1´Xã 4 ¤«. 1|� E0(ρ) =

exp
(
− ρ2

ω2

)
�pd1å²L¶cI A1 ���

CqÃû� Bessel 1, ¶cI A1 �ßLÇ¼ê

� t (r) = exp(−ik(n − 1)γ1r). |^Î�IXe�
�r�û�È©úª��� Σ1 ¡þ=\��ß
º L �1|�

E(r1, d1) =
(
−ik
d1

)
exp(ikd1) exp

(
ikr2

1

2d1

)
×

∫ a

0

exp
(
− ρ2

ω2

)
J0

(
kr1ρ

d1

)
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× exp
(

ikρ2

2d1
− ik (n − 1) γ1ρ

)
ρdρ,

(1)

Ù¥È©þ� a �\��¶cI A1 þ�1å�»
��. |^­�{é (1) ª?1z{, �:

E (r1, d1) = (−ik)
√

λd1 (n − 1) γ1J0 [kr1 (n − 1) γ1]

× exp (ikd1) exp

(
− [d1 (n − 1) γ1]

2

ω2

)

× exp

(
− ikd1 [(n − 1) γ1]

2

2

)
. (2)

ßº L �DÑÝ
�

 1 0

− 1
f

1

, ¶cI A2

�ßº L �ål� d, ÙDÑÝ
�

 1 d

0 1

, K

l Σ1 ¡� Σ2 ¡�DÑÝ
� M =

 1 d

0 1

 · 1 0

− 1
f

1

 =

 1 − d

f
d

− 1
f

1

. |^Î�IXe�2Â

¨�d - �r�û�È©úª�� Σ2 ¡þ=\�
�¶cI A2 �1|�

E(r2, d) =
(
−ik
d

)
exp(ikd) exp

(
ikr2

2

2d

)
×

∫ b

0

J0(k1r1)J0

(
kr1r2

d

)
× exp

(
ikr2

1

2d
− ikr2

1

2f

)
r1dr1, (3)

Ù ¥, È © þ � b � \ � � ß º L þ � 1 å
�»��. ¶cI A2 �ßLÇ¼ê� t (r) =

exp(−ik(n − 1)γ2r), K¶cI A2 ��1|�

E(r, z) =
(
−ik
z

)
exp(ikz) exp

(
ikr2

2z

)

×
∫ R

0

E(r2, d)J0

(
kr2r

z

)
× exp

(
ikr2

2

2z
− ik(n − 1)γ2r2

)
r2dr2,

(4)

Ù¥, È©þ� R �\��¶cI A2 þ�1å�
»��. ¤±, ¶cI A2 ��1r©Ù¼ê�

I(r, z) =
[∣∣∣∣(−ik

z

)
exp(ikz) exp

(
ikr2

2z

)
×

∫ R

0

E(r2, d)J0

(
kr2r

z

)
× exp

(
ikr2

2

2z
− ik(n − 1)γ2r2

)
r2dr2

∣∣∣∣]2

.

(5)

|^ Mathcad é (5) ª?1�[. À��Aë
ê, - γ1 = 0.5◦, γ2 = 1◦, f = 150 mm, d = 800 mm,

d1 = 600 mm, ¶cIò�Ç n = 1.516. ©O�
[ z = 2 m, z = 5 m, z = 10 m, z = 20 m, z = 50 m,

z = 80 m ?�î�1r©ÙÚéA�n�1r©
Ù, Xã 5 Úã 6 ¤«.

lã 5 Úã 6 ¥ØJuy, �1åDÂ�ål
¶cI A2 80 m ?�, Ùî�1r©Ù�,÷vC
qÃû�1�1r©Ù, �´du\���G1å
äk�½�uÑ�, ¤±�ål�CqÃû�1�
¬k�½�uÑ [23], äNNy3¥%1��»C
�, ¥%1r~f.

3 ¢�©Û

�
�ynØ©Û, ·��O
�'¢�. ¢
�1
´õÇ� 90 mW, ÑÑÌÅ�� 532 nm �
É1��N-1ì©|^�å©O� f1 = 15 mm

Ú f2 = 190 mm � ü � à � ß º | ¤ � " �
ºXÚò1
uÑ�1*åO�¤�Cq²1
1, 2�\�ã 1 ¤«�1ÆXÚ. ü�¶cI A1�� � � � �� �� �� � 	 � 	 �
 � 
 �

ã 4 �)�ålCqÃû�1�1´ã
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Ú A2 �.�©O� γ1 = 0.5◦, γ2 = 1◦; à�
ßº�å f = 150 mm; A1, L, A2 m�A�ål
E,� d = 800 mm, d1 = 600 mm, ¶cIò�
Ç n = 1.516. 2|^Nªw�º*	¶cI A2

�ØÓål?�1r©Ù, ¿ûe1�ã, Xã 7

¤«. 3ã 7 �û�L§¥, �
¼��Ð�û�
�J, ·�3ØÓål?é1�æ^ØÓ�ê�
��.� �� �� �� �� � � �	 
 � � 
 	 � � 
 � 
 � � 
 � 
 � � 
� � � � � � � � � � � � � � � � � � �� � � � ��� � � �	 
 � � 
 	 � � 
 � 
 � � 
 � 
 � � 
� � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � �� � � � � � �� � �� � �� � �� � � � � � � �� � � �� � � �� � � �	 
 
 	 � 
 
 � 
 
 
� � � �� � � � � � � � � � �� � � �� � � �� � � �	 
 
 	 � 
 
 � 
 
 
� � � �� � � � � � � � � � �� � �� � �� � � �	 � � 
 	 
 � � 
 
 � � � � 
� � � �

	 � � 
 	 
 � � 
 
 � � � � 
� � � � � � � � � � � � � � �
ã 5 ØÓål?î�1r��©Ùã (a) z = 2 m; (b) z = 5 m; (c) z = 10 m; (d) z = 20 m; (e) z = 50 m; (f) z = 80 m

ã 6 ØÓål?î�1rn�©Ùã (a) z = 2 m; (b) z = 5 m; (c) z = 10 m; (d) z = 20 m; (e) z = 50 m; (f) z = 80 m
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ã 7 ¢�û��ØÓål?�î�1�ã (a) z = 2 m; (b) z = 5 m; (c) z = 10 m; (d) z = 20 m; (e) z = 50 m; (f) z = 80 m

ã 8(a) ¥�ÿþóä´���Ý� 20 µm �
ÿ�º, ã 8(b) ¥�ÿþóä´���Ý� 1 mm

�ÊÏ�Ýº. dã 8 ��, � z = 0.5 m �¥%
1��»�� 0.24 mm, � z = 80 m �¥%1��
»�� 20 mm, d{ü�O���TCqÃû�
1åuÑ��� 0.12 mrad. 2010 c Belyi � [21]

�ïÄ(Jw«, ¼��CqÃû�1å3 z =

0.9 m ���1��»� 30 mm, 3 z = 6.4 m

� � � 1 � � » � 60 mm, = T 1 å � u Ñ �
�� 2.73 mrad. '���, ©z [21] ¼��Cq
Ãû�1åuÑ�'�¢�¼��CqÃû�1
åuÑ�� 20 õ�. �Ò´`, ·����Cq
Ãû�1�,äk�½�uÑ�, �ÙuÑ��
é��.

ã 8 ØÓål?¥%1� (a) z = 0.5 m; (b) z = 80 m
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4 ( Ø

�©é�)DÂål��1å�þÐ�Cq
Ãû�1å��«#Eâ?1
�ã, ©OlAÛ
1ÆÚû�nØü��ÝéT�{��n?1

©Û. |^^��[Ñ
¤¼��1å3ØÓål

�î�1r��Ún�©Ù, �*/2y
TCq
Ãû�1å�DÂL§. 3¢�¥¼�
DÂål
�� 80 m �CqÃû�1å, ¿û�
T1å3
ØÓål?�î�1�ã, énØ©Û?1
�y.

�ïÄéCqÃû�1å3½�!ÿå!O��
�¡�A^äkÈ4�¿Â.

[1] Durnin J 1987 Phys. Rev. Lett. 58 1499

[2] Durnin J 1987 J. Opt. Soc. Am. A 4 651

[3] Hwang C Y, Kim K Y, Lee B 2011 Opt. Exp. 19 7356

[4] Wu F T, Jiang X G, Liu B, Qiu Z X 2009 Acta Phys. Sin. 58 3125

(in Chinese) [Ç½c, ô#1, 4Q, ¤�, 2009 ÔnÆ� 58
3125]

[5] Cheng C J, Chern J L 2010 Opt. Commun. 283 4892

[6] Victor A, David S, Ulises R 2009 Opt. Lett. 34 1456

[7] Zhang Q A, Wu F T, Zheng W T, Pu J X 2011 Sci. China G Phys.

Mech. Astron. 41 1131(in Chinese) [ÜcS, Ç½c, x�7, Æ
U< 2011 ¥I�Æ G 6 41 1131]

[8] Ma B T, Wu F T, Ma L 2010 Acta Phys. Sin. 59 6213 (in Chinese)

[ê�X, Ç½c, ê� 2010 ÔnÆ� 59 6213]

[9] Chen B S, Pu J X 2009 Chin. Phys. B 18 1033

[10] Scott G, McArdie N 1992 Opt. Eng. 31 2640

[11] Jaroszewicz Z, Dopazo J F R, Gomez-Reino C 1996 Appl. Opt.

35 1025

[12] Turuenen J, Vasara A, Friberg A T 1988 Appl. Opt. 27 3959

[13] Vasara A, Tutunen J, Friberg A T 1989 J. Opt. Soc. Am. A 6 1748

[14] Burvall A, Kolacz K, Jaroszewicz Z 2004 Appl. Opt. 43 4838

[15] Sochacki J, Kolodziejczyk A, Jaroszewicz Z, Bara S 1992 Appl.

Opt. 31 5326

[16] Staronski L R, Sochacki J, Jaroszewicz Z, Kolodziejczyk A 1992

J. Opt. Soc. Am. A 9 2091

[17] Wu F T, Chen Y B, Guo D D 2007 Appl. Opt. 46 4943

[18] Ma B T, Wu F T, Lu W H, Pu J X 2010 Opt. Laser Tech. 42 941

[19] Ma L, Wu F T 2010 Acta Phys. Sin. 59 6096 (in Chinese) [ê�,

Ç½c 2010 ÔnÆ� 59 6096]

[20] Zhao B, Li Z, Huang X D 1998 Acta Opt. Sin. 18 707 (in Chinese)

[ëR, oÎ, ��? 1998 1ÆÆ� 18 707]

[21] Belyi V, Forbes A, Kazak N 2010 Opt. Exp. 18 1966

[22] Chavez-Cerda S, New G H C 2000 Opt. Commun. 181 369

[23] Liu L, Wu F T 2008 Acta Opt. Sin. 28 370 (in Chinese) [4¯, Ç
½c 2008 1ÆÆ� 28 370]

144201-6



Ô n Æ � Acta Phys. Sin. Vol. 61, No. 14 (2012) 144201

A new technique for generating non-diffracting beam
with long propagation distance using two axicons∗
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Abstract

A new technique for generating quasi non-diffracting beam with long propagation distance by using simple optical elements

including the convergent lens and axicons is proposed. The theory of generating such a beam is studied with geometrical optics and

diffraction theory. The formation process of the beam is simulated, and the transverse intensity distributions at various distances are

obtained. The simulation results show that the transverse intensity distribution at long-distance accords with Bessel distribution. A

comparison between the quasi non-diffracting beam, which is obtained by our experiment, and that in the literature (Belyi et al. 2010

Opt. Exp. 18 1966) shows that its propagation distance is more than 50 m longer, and the beam divergence angle is compressed by

22 times. In the experiment, the beam patterns are captured at different propagation positions, and the obtained results are in good

agreement with the theoretical analyses.

Keywords: quasi non-diffracting beam with long propagation distance, convergent lens, axicon
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